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(U)  FOREWORD 


(U)  This  is  the  final  report  of  work  performed  under  Contract  No.  AF33(6l5)- 
52kl,  "Preliminary  Design  of  Two  Volumetrically  Efficient  High  L/D  Unmanned 
Flight  Test  Vehicles".  This  report  was  prepared  under  Project  1366,  "Aero¬ 
dynamics  and  Flight  Mechanics",  Task  136616,  "Synthesis  of  Hypersonic  Vehicles". 

(U)  The  work  was  sponsored  by  the  Aerospace  Vehicle  Branch,  Flight  Mechanics 
Division,  Air  Force  Flight  Dynamics  Laboratory.  The  research  investigation 
was  performed  under  the  direction  of  the  Air  Force  Project  Engineer 
Mr.  Thomas  R.  Sieron.  Mr.  C.  J.  Cosenza  and  Mr.  A.  C.  Draper  of  AFFDL  pro¬ 
vided  overall  technical  guidance. 

(U)  The  work  was  accomplished  by  the  Lockheed-Califomia  Company,  Burbank, 
California  and  the  report  is  also  identified  as  LR  2120k. 

(u)  This  is  Part  IV  of  a  five  part  report: 


Part  I 

Summary 

Part  II 

Parametric  Configuration 

Development  and  Evolution 

Part  III 

Aerodynamics 

Part  IV 

Aerothermodynamics 

Part  V 

Vehicle  Design 

(U)  This  manuscript  was  released  by  the  authors  for  publication  in  January  1968. 

(U)  The  contributions  of  the  following  individuals  to  this  report  are  gratefully 
acknowledged : 


V.  J.  Jusionis 
C.  M.  Onspaugh 
J.  F.  Holliday 

(U)  This  technical  report  has  been  reviewed  and  is  approved. 

Fhiliy  P.  Antonatos 

Chief,  Flight  Mechanics  Division 

Air  Force  Flight  Dynamics  Laboratory 
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(U)  ABSTRACT 


(U)  Design  and  experimental  analyses  of  unmanned  entry  research  vehicles 
having  high  hypersonic  L/D  and  high  volume  are  described.  Analytic  para¬ 
metric  data  are  presented  for  two  lifting  body  classes  designated  HLD-35 
and  FDL-5.  Experimental  aerodynamic  and  heat  transfer  data  obtained  from 
Arnold  Engineering  Development  Center  Wind  Tunnels  A,  B,  C,  and  F  are 
compared  with  analytic  data  for  the  FDL-5  vehicle.  Structure  and  sub¬ 
systems  are  selected  for  performing  unmanned  hypersonic  research  with  the 
vehicle . 

This  report  is  subject  to  special  export  controls  and  each  transmittal  to 
foreign  governments  or  foreign  nationals  may  be  made  only  with  prior  approval 
of  the  Air  Force  Flight  Dynamics  Laboratory  (FDMS),  Wright-Patterson  Air 
Force  Base,  Ohio  45433. 
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SECTION  1 

(U)  INTRODUCTION  AND  SUMMARY 


(U)  The  significant  aerothermodynamic  results  obtained  during  the  experimental 
portion  of  the  study  are  presented  in  this  volume.  The  principal  objectives 
of  the  aerothermodynamic  analyses  were  (l)  to  provide  preliminary  design 
information  to  determine  the  most  feasible  high  L/D  configuration  concept,  and 
(2)  to  conduct  an  extensive  aerothermodynamic  test  program  using  the  selected 
configuration  to  validate  the  design  methods. 

(u)  Accomplishement  of  the  first  objective  was  initiated  during  the  analytical 
portion  of  the  study  with  the  generation  of  parametric  temperature  data  to 
illustrate  the  importance  of  design  variables  such  as  configuration  geometry 
and  attitude.  During  the  experimental  porcion  of  the  study,  vehicle  surface 
temperatures  were  predicted  for  the  FDL-5  configuration. 

(U)  The  second  objective  was  accomplished  by  conducting  a  series  of  wind 
tunnel  tests  using  scale  models  of  the  FDL-5  configuration.  Heat  transfer 
and  pressure  tests  were  run  at  nominal  Mach  numbers  of  10  and  19  using 
facilities  at  the  Arnold  Engineering  Development  Center.  Data  were  obtained 
for  model  angles  of  attack  ranging  from  zero  to  35  degrees,  in  5-degree 
increments,  and  yaw  angles  of  -2,  0,  2,  4,  and  6  degrees.  More  than  17,000 
data  points  were  obtained  during  the  program,  providing  a  rich  source  of 
data  from  which  selected  correlations  were  made  to  accomplish  the  program 
objectives.  A  complete  presentation  of  the  reduced  test  data  and  the 
correlations  are  contained  in  this  report .  Correlation  with  theory  was 
mainly  directed  at  the  FDL-5  design  attitude,  i.e.,  ten  degrees  angle  of 
attack  and  zero  yaw.  Data  obtained  from  these  tests  are  compared  with 
theoretical  aerothermodynamic  methods  presented  in  Section  2  of  this  report, 
and  the  results  incorporated  in  the  FDL-5  preliminary  design. 

(C)  Predicted  FDL-5  surface  temperatures,  based  on  a  high  heating  reference 
entry  trajectory,  are  compatible  with  the  proposed  structural  materials: 
tungsten- thoria  for  the  nose  cap,  coated  tantalum  for  the  leading  edges, 
coated  columbium  for  the  lower  surface,  and  superalloys  for  the  upper  surface. 
From  a  heating  standpoint,  the  lower  surface  is  the  most  marginal.  If  a 
6  percent  design  margin  is  added  to  the  nominal  temperature  predictions, 
approximately  40  percent  of  the  lower  surface  exceeds  2500°F,  the  assumed 
temperature  limit  for  coated  columbium.  However,  predicted  maximum  temperatures 
on  essentially  the  entire  lower  surface  result  from  turbulent  flow,  and  the 
wind  tunnel  data  indicate  that  the  transition  criterion  employed  in  the  heating 
predictions  may  be  overly  conservative. 
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(C)  For  angles  of  attack  above  5  degrees,  the  AEDC  lower  surface  pressure  data 
generally  agree  with  tangent  cone  theory  within  ±  10  percent.  Satisfactory 
correlation  of  upper  surface  pressures  was  achieved  using  a  prediction  techni-  * 

que,  based  on  blast  wave  theory,  which  resulted  from  analysis  of  leeward 
surface  pressures  on  slab  delta  wings.  Vehicle  regions  where  satisfactory 
pressure  data  correlations  were  not  achieved  are  the  aft  lower  compression 
surface  and  dorsal  fin.  Forward  ramp  centerline  heating  rates  are  consistently  ^ 

higher  than  predicted  by  laminar  swept  cylinder  theory  by  an  average  of  about 
20  percent.  Aft  lower  surface  centerline  heating  rates  are  overpredicted  by 
laminar  strip  theory  for  angles  of  attack  up  to  about  20  degrees  and  under¬ 
predicted  at  higher  angles  of  attack.  Near  the  leading  edge  however,  aft 
lower  surface  heating  rates  are  higher  than  strip  theory  at  all  angles  of 
attack  tested.  Aft  lower  compression  surface  heating  rates  are  generally 
underpredicted  by  laminar  strip  theory  for  angles  up  to  about  10  degrees,  and 
are  overpredicted  at  higher  angles  of  attack.  Except  for  zero  angle  of  attack, 
body  side  panel  heating  rates  are  lower  than  predicted  by  laminar  strip  theory, 
based  on  experimental  pressures  and  surface  flow  directions.  On  the  upper 
surface,  the  Tunnel  C  heating  trends  with  angle  of  attack  are  frequently 
erratic,  possibly  as  a  result  of  boundary  layer  transition  or  vortices.  For 
10°  £  -v  <  20°,  Tunnel  C  upper  centerline  heating  rates  are  generally  20  to  50 
percent  lower  than  zero  angle- of- attack  turbulent  strip  theory,  while  cor¬ 
responding  Tunnel  F  data  are  30  to  45  percent  below  zero  angle -of- attack 
laminar  strip  theory.  * 

(C)  Radiation  equilibrium  isotherms  based  on  the  AEDC  wind  tunnel  data  generally 
agree  with  original  predictions  within  ±  200°F  on  the  lower  surface,  and  within 
±  100°F  on  the  body  side  panels  and  aft  lower  compression  surface.  No  material 
changes  would  be  required  as  a  result  of  the  temperature  revisions.  * 

(U)  The  following  section  discusses  the  aerodynamic  heating  prediction 
methods  used  throughout  this  study.  Section  3  presents  surface  temperature 
predictions  for  the  FDL-5  configuration.  A  brief  discussion  is  included  on 
the  effects  of  boundary  layer  transition  and  vehicle  wing  loading  on  peak 
temperature  levels.  Results  of  the  heat  transfer  and  pressure  experimental 
tests  are  presented  in  Section  4.  Revised  FDL-5  temperature  predictions, 
based  on  the  wind  tunnel  results,  are  discussed  in  Section  5* 
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SECTION  2 

(U)  HEATING  PREDICTION  METHODS 

(ll)  Accurate  prediction  of  aerodynamic  heating  and  resulting  temperatures 
is  required  for  proper  materials  selection,  structural  design,  sizing  of 
thermal  insulation,  and  analysis  of  active  cooling  requirements.  This 
section  reviews  the  theoretical/ empirical  methods  employed  to  predict  aero¬ 
dynamic  heating  rates  during  this  study.  The  methods  discussed  were  used 
to  generate  the  aerothermodynamic  parametric  data  presented  in  Part  II, 
to  predict  the  FDL-5  surface  temperatures  shown  in  Section  3  of  this  report, 
and  for  comparison  with  the  wind  tunnel  data  presented  in  Section  k  of  this 
report. 

(U)  Appendix  I  of  this  Part  presents  an  analysis  of  delta  wing  heating  and 
pressure  data  from  tests  conducted  by  the  Air  Force  Flight  Dynamics  labora¬ 
tory.  This  data  analysis  and  correlation  was  performed  to  validate  seme 
of  the  prediction  methods  initially  selected  for  use  during  this  study. 

(U)  Heating  theories  employed  at  various  vehicle  locations  are  summarized 
below.  In  all  cases,  Hansen's  equilibrium  air  properties  (Ref.  l)  and 
196?  Standard  Atmosphere  Data  were  used  in  theory  evaluation. 

2.1  (U)  NOSE  AND  LEADING  EDGES 

(u)  Stagnation  point  heating  rates  were  computed  by  the  method  of  Fay  and 
Riddell  (Ref.  2)  with  the  velocity  gradient  based  on  the  experimental  data 
of  Boison  and  Curtiss  (Ref.  3).  These  data  and  Newtonian  theory  are  shown 
in  Figure  1  as  non-dimensional  velocity  gradient  (a  p/v  )  versus  cross- 
section  aspect  ratio  (b/a).  The  data  were  obtained  on  ellipsoids  at 
Mach  4.75.  Because  the  nondimens ional  velocity  gradient  is  essentially 
constant  for  Mach  numbers  above  5,  the  recommended  curve  of  Figure  1  was 
used  for  all  hypersonic  Mach  numbers. 

(u)  The  body  and  fin  leading  edge  heating  rates  were  computed  by  the  swepu 
cylinder  theory  of  Beckwith  (Ref.  4).  The  sweep  independence  principle  was 
employed  whereby  it  is  assumed  that  the  spanwise  velocity  component  contri¬ 
butes  to  the  recovery  enthalpy,  but  does  not  affect  the  heat  transfer 
coefficient.  On  highly  swept  configurations,  the  actual  leading  edge  stag¬ 
nation  line  is  displaced  from  the  geometric  stagnation  line  by  the  angle  4>sl 
which  is  related  to  the  leading  edge  angle  of  attack  and  sweep  angle  by  the 
equation 
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(U)  Consequently,  at  some  vehicle  attitudes  the  sonic  line  may  be  on  the  lower 
surfa.ce  rather  than  the  leading  edge.  The  resulting  flow  interaction  with  the 
lower  surface  has  been  shown  analytically  and  experimentally  to  reduce  the 
stagnation  line  velocity  gradient,  and  hence  the  heating  rate,  compared  to  the 
case  of  an  isolated  swept  cylinder.  Predicted  leading  edge  stagnation  line 
heating  rates  are  therefore  considered  to  be  conservative  a,t  large  vehicle 
angles  of  attack. 

(C)  Figure  2  shows  i  correlation  of  body  leading  edge  heating  data  taken  from 
Figures  14.1  and  14.3  of  the  X-20  (Dyna-Soar)  leading  edge  heat  transfer  test 
summary  report  (Ref.  5)*  The  data  indicate  that  swept  cylinder  theory  conser¬ 
vatively  predicts  leading  edge  heating  rates  for  angles  of  attack  up  to 
20  degrees.  It  should  be  noted,  however,  that  the  applicability  of  swept 
cylinder  theory  has  not  been  demonstrated  for  sweep  angles  greater  than  about 
75  degrees.  Since  the  FDL-5  employs  a  leading  edge  sweep  of  8l  degrees  (com¬ 
pared  to  72.8  degrees  for  the  X-20)  experimental  heating  data  on  highly  swept 
leading  edges  are  most  desirable. 

2.2  (U)  LOWER  SURFACE 

(C)  Selection  of  the  heating  theory  for  the  lower  surface  depends  on  the 
geometry  under  consideration,  i.e.,  flat,  curved,  or  dihedral.  Theoretical 
methods  for  predicting  heating  rates  on  flat  lower  surfaces  are  discussed  in 
detail  in  Reference  6.  Briefly,  the  lower  surface  flow  field  is  obtained 
from  a  real  gas  computer  solution  (Ref.  7)  assuming  the  local  conditions  to 
be  those  behind  a  single  oblique  shock  produced  by  a  flow  deflection  equal  to 
the  local  effective  angle  of  attack.  For  small  angles  of  attack,  laminar  and 
turbulent  heat  transfer  coefficients  were  computed  from  strip  theory  using 
the  methods  of  van  Driest  (Refs.  8  and  9)*  At  larger  angles,  laminar  strip 
theory  heating  rates  were  increased  to  account  for  spanwise  flow.  This  was 
accomplished  using  the  empirical  data  fairing  of  Neumann  and  Renfroe  (Ref.  10 ) 
which  were  obtained  from  correlation  of  highly  swept  delta  wing  data  from 
several  impulse  facilities.  This  result  is  shown  in  Figure  3>  along  with 
additional  heating  data  on  the  centerline  of  five  flat  bottom  delta  wing 
models.  The  ratio  of  experimental  to  laminar  .strip  heating  rates  is  plotted 
as  a  function  of  the  parameter  (tan  a  I tan  £  )V^  which  is  a  correlation  param¬ 
eter  for  streamline  divergence  theory  at  hypersonic  speeds  (Ref.  10).  At 
low  angles  of  attack  the  experimental  heating  rates  are  a  fraction  of  the 
strip  theory  values  due  to  inflow  caused  by  the  high  pressure  region  near  the 
wing  leading  edges.  The  data  indicate  that  no  correction  for  outflow  is 
required  until  the  correlation  parameter  exceeds  a  value  of  about  1.0.  At 
higher  values  of  the  correlation  parameter  reasonable  agreement  with  stream¬ 
line  divergence  theory  is  obtained,  although  the  data  scatter  is  excessive. 

(c)  Figure  4  shows  a  comparison  of  experimental  and  theoretical  spanwise 
heating  distributions  on  flat  bottom  delta  wings.  The  data  are  compared  with 
laminar  strip  theory  evaluated  using  oblique  shock  flow  properties  with  the 
chara.cterisJ ic  dimension  measured  from  the  leading  edge  in  a  direction  parallel 
to  the  model  centerline.  To  avoid  leading  edge  bluntness  induced  effects,  all 
data  were  obtained  from  sharp  leading  edge  models.  Although  the  data  scatter 
is  considerable,  strip  theory  provides  a  reasonable  correlation  to  the  data  mean. 
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(C)  Lower  surface  centerline  heating  rates  on  curved  bottom  configurations 
■were  based  on  Beckwith’s  swept  cylinder  theory  (Ref.  4).  The  spanwise 
heating  distribution  from  the  stagnation  line  was  based  on  Lees’  laminar 
distribution  (Ref.  11)  or  from  available  experimental  distributions  on 
similar  configurations.  Because  swept  cylinder  theory  may  underpredict  the 
heating  rates  at  small  angles  of  attack,  the  heating  rates  were  compared  with 
the  strip  theory,  and  the  larger  value  used.  If  a  curved  lower  surface 
experienced  turbulent  flow,  centerline  heating  rates  were  based  on  turbulent 
swept  cylinder  or  strip  theory,  whichever  yielded  the  higher  heating.  Tur¬ 
bulent  flow  spanwise  heating  distributions  were  obtained  from  Figure  6-33  of 
Reference  12,  and  are  based  on  streamline  divergence  theory  for  a  sharp 
leading  edge  delta  wing. 

(U)  Figure  5  shows  a  correlation  of  lower  surface  centerline  heating  data 
from  the  ASL  Model  W3  elliptic  cone  which  approximates  the  hig  •  L/D  configura¬ 
tion  curved  lower  surface.  The  tests  were  performed  in  the  Cornell 

Aeronautical  Laboratory  48  inch  Hypersonic  Shock  Tunnel  at  a.  freestream  Mach 
number  of  14.5  and  Reynolds  number  per  foot  of  5.6  x  10^  (Ref.  13).  Data 
are  compared  with  laminar  swept  cylinder  theory  based  on  local  effective  radius 
and  with  laminar  strip  theory  neglecting  outflow.  The  effective  radius 
employed  in  the  swept  cylinder  calculations  was  the  local  radius  of  an  ellipse 
(a2/b)  multiplied  by  an  empirical  correction  factor  based  on  the  stagnation 
point  velocity  gradient  measurements  of  Boison  and  Curtiss  (Fig.  l) .  For  a 
2:1  ellipse  such  as  the  W3  cone,  the  recommended  correction  factor  oo  the 
radius  is  1.18.  The  heating  race  is  thereby  increased  by  8.5  percent  above 
the  value  predicted  by  using  the  Newtonian  velocity  gradient  based  on  local 
stagnation  line  radius. 

(c)  In  the  angle  of  attack  range  of  particular  interest  to  the  current  study 
(10-20  degrees)  the  centerline  heating  data  are  in  excellent  agreement  with 
swept  cylinder  theory.  The  zero  angle  of  attack  data  are  in  good  agreement 
with  laminar  strip  theory.  This  is  somewhat  surprising  since  one  might  expect 
the  zero  angle  of  attack  data  to  agree  with  cone  theory.  The  correlation  with 
strip  theory  suggests  a  thickening  of  the  boundary  layer  along  the  centerline 
as  a  result  of  inflow  from  the  leading  edge  region. 

(C)  Figure  6  shows  spanwise  hypersonic  heating  data  from  two  elliptic  cones 
with  highly  swept  delta  pla-'  orms.  The  Mach  l4.5  data  from  the  0.5  aspect 
ratio  ASW  Model  W3  were  obtained  at  a  =  10  and  20  degrees  (Ref.  13).  Mach  7 
data  are  also  shown  and  were  obtained  on  a  0.20  aspect  ratio  cone  tested  at 
a  =  15  and  30  degrees  (Ref.  14) .  These  data  were  used  to  predict  the  heating 
distributions  on  curved  lower  surface  conf igurations  because  the  spanwise 
heating  distributions  in  the  angle  of  attack  range  of  interest  are  not  amenable 
to  analytical  solution.  It  should  be  noted  that  the  actual  leading  edge  stag¬ 
nation  line  heating  rates  were  not  measured  on  the  elliptic  cone  models  because 
the  sensors  at  100  percent  span  were  located  on  the  major  axis,  which  is  a  true 
stagnation  line  only  for  a  =  0.  Consequently,  lower  surface  spanwise  heating 
distributions  were  assumed  to  follow  the  trend  of  the  elliptic  cone  data  up  to 
90  percent  span,  and  were  then  faired  into  the  leading  edge  stagnation  line 
heating  rate. 
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(U)  The  method  employed  to  calculate  heating  rates  to  a  dihedraled  lower  sur¬ 
face  and  keel  line  depends  on  the  dihedral  angle,  keel  radius,  and  angle  of 
attack.  For  effective  angles  of  attack  less  than  about  15  degrees,  heating 
rates  to  the  wing  panels  were  predicted  by  laminar  or  turbulent  strip  theory, 
based  on  the  methods  of  van  Driest.  The  flow  field  was  computed  by  oblique 
shock  theory  assuming  a.  wedge  angle  equal  to  the  wing  panel  effective  angle  of 
attack  which  is  '’elated  to  the  configuration  and  attitude  by 


(u)  The  characteristic  dimension  is  based  on  the  wetted  distance  from  the 
leading  edge  or  keel  stagnation  line  measured  in  a  direction  parallel  to  the 
projection  of  the  freestream  velocity  vector  into  the  plane  of  the  dihedraled 
panel.  Wing  nanel  heating  rates  were  faired  into  the  keel  line  and  leading 
edge  heating  rates,  both  of  which  were  computed  by  swept  cylinder  theory  and 
Lees'  laminar  distribution.  At  higher  angles  of  attack,  dihedraled  panel 
heating  rates  were  based  on  Lees'  distribution  computed  in  terms  of  the  keel 
line  heating  rate. 


(C)  Figure  7  shows  a  correlation  of  lower  surface  heat  transfer  data  obtained 
from  two  dihedraled  delta  wing  configurations  tested  by  Dunavant  (Ref.  15)  • 
The  pertinent  geometric  features  and  model  attitudes  are  listed  on  the  figure. 
The  experimental  heat  transfer  coefficients  are  ratioed  to  the  laminar  strip 
heat  transfer  coefficients  and  are  plotted  as  a  function  of  the  ray  angle 
from  the  vehicle  centerline  measured  in  the  plane  of  the  wing  panel.  Local 
flow  properties  were  based  on  oblique  shock  theory  with  the  effective  angle 
of  attack  given  by  Eq.  2.  The  agreement  between  theory  and  data  is  good  and 
a  significant  improvement  results  compared  to  the  correlations  of  the  same 
data  presented  by  Dunavant  (Figures  'JC  and  8C  of  Reference  15)  where  the 
characteristic  dimension  is  based  on  the  distance  from  the  leading  edge 
measured  parallel  to  the  model  centerline. 


2.3  (U)  UPPER  SURFACE 

(U)  The  prediction  of  heating  rates  on  leeward  surfaces  is  subject  to  large 
unknowns  due  to  the  limited  amount  of  theoretical  and  experimental  work  in 
this  area.  For  the  present  study,  upper  surface  centerline  heating  rates  were 
based  on  hypersonic  wind  tunnel  data  from  models  of  similar  geometry;  i.e., 
the  AF-1  (Ref.  l6) ,  F-5A  (Ref.  17)  and  ASSET  (Ref.  18).  Figure1  8 
shows  these  data  and  the  curve  used  in  heating  predictions.  The  curve  is 
conservative  with  respect  to  most  of  the  data  and  is  drawn  through  the  point 
q/qs  =  0.1  at  S/R  =  1.57  because  this  is  approximately  the  hypersonic  heating 
rate  at  the  shoulder  of  a  hemisphere. 

(U)  For  laminar  flow,  the  experimental  data  were  applied  directly  in  calcu¬ 
lating  the  upper  surface  heating.  Transition  to  turbulent  flow  was  accounted 
for  by  multiplying  the  experimental  values  of  Figure  8  by  the  ratio  of 
turbulent-to-laminar  strip  theory.  The  application  of  the  laminar  flow  test 
data  to  turbulent  heating  predictions  is  an  approximation  which  was  used  since 
no  applicable  hypersonic  turbulent  data  on  leeward  surfaces  were  found. 
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(U)  Two  methods  were  used  for  computing  heating  rates  on  the  upper  body  side 
panels.  For  the  parametric  studies,  presented  in  Part  II,  Section  3>  the 
heating  at  positive  flow  deflection  angles  was  computed  from  laminar  strip 
theory.  For  expansion  angles  greater  than  five  degrees,  the  flow  was  assumed 
to  be  separated,  and  the  heat  transfer  coefficient  was  taken  as  one-half  the 
zero  angle  of  attack  strip  flow  value.  This  heating  rate  is  indicated  from 
Chapman’s  work  on  separated  cavity  flows  (Ref.  19) .  A  smooth  curve  was 
faired  between  the  predicted  heating  rates  at  positive  flow  deflection  angles 
and  expansion  angles  above  five  degrees.  Body  side  panel  flow  deflection 
angles  were  computed  from  the  relation  (Fig.  9) » 


sin  a 


tan  <|>a[tan  (3  +  tan  e]  -  tan  a  -  tan  Qfr 


eff 


\/ 1  +  tan^  a  +  tan^  p  yi  +  tan^  4>g(tan  t  -  ^“^-) 


(3) 


(C)  To  calculate  temperature -time  histories  for  the  FDL-5  configuration, 
heating  rates  on  the  body  side  panels  were  computed  by  van  Driest’ s  strip 
theories,  with  the  characteristic  dimension  assumed  to  be  the  vetted  distance 
from  the  leading  edge  stagnation  line  measured  in  a  plane  inclined  30  degrees 
to  the  vehicle  centerline.  Pressures  on  the  side  panels  were  computed  by  the 
following  semi -empirical  relation  which  is  shown  in  Appendix  I  to  accurately 
predict  leeward  surface  pressures  on  several  slab  delta  wing  and  high  L,/d 
configurations : 


_P_ 

P, 


=  1  +  (0.073  -  0.00336)  MJ 


(cdn)2/(x/r)3 


(1*) 


l  The  nose  drag  coefficient  was  assumed  to  be  1.44,  the  Newtonian  value  for  a 

0.5  aspect  ratio  ellipsoid. 

| 

/  (C)  This  calculation  procedure  was  adopted  following  the  completion  of  a  test 

•i  program  in  the  Lockheed-Calif  ornia  Company  Hypersonic  Tunnel  which  measured 

s  Mach  10  heating  distributions  and  surface  streamline  patterns  on  a  representa¬ 

tive  high  L/D  configuration  (Ref.  20).  These  tests  indicated  that  the 
assumption  made  during  the  parametric  analysis  of  separated  flow  over  the  body 
■  side  panels  for  6  >  5  degrees,  was  erroneous.  The  length  of  the  body  side 

panel  oil  flow  traces  suggested  a  region  of  high  shear,  and  it  is  doubtful  if 
*  separation  occurred  until  the  flow  reached  the  forebody  side  panel/top  surface 

tangency  line.  As  a  result,  the  heating  rates  used  for  the  parametric  analysis 
I  (Part  II)  are  somewhat  low.  This  does  not  affect  the  conclusions  of  Part  II, 

f  however . 
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2.4  (U)  FINS 

(U)  Fin  stagnation  line  heating  rates  were  calculated  from  swept  cylinder 
theory.  The  effective  sweep  angle  was  obtained  by  the  geometric  relation: 


sin  A 


sin  A  -  tan  ( t  + 


+  |3 )  cos  A  sin  4>  +  tan  a  cos  A  cos  <|> 
1  +  tan^  (  t  +  (3 )  +  tan^  a 


(C)  Figure  10  shows  i  correlation  of  fin  leading  edge  heating  data  from  the 
X-20  model.  These  data  were  obtained  from  Figures  2^.1,  2k. 3,  and  2k. 7  of 
Reference  5  for  vehicle  angles  of  attack  of  0,  10,  and  15  degrees,  respec¬ 
tively.  The  significant  feature  of  Figure  10  is  the  high  heating  near  the 
fin/wing  junction  where  the  flow  upstream  of  the  fin  leading  edge  is  influenced 
by  the  body.  Heating  rates  approximately  twice  the  swept  cylinder  theory 
prediction  were  measured  on  the  X-20  model  fins  at  low  angles  of  attack.  The 
heating  rate  increase  can  be  attributed  to  the  flow  passing  through  a  body 
generated  shock  wave  before  encountering  the  fin.  For  certain  combinations  of 
fin  sweepback  angles  and  body  generated  shock  wave  angles,  the  total  pressure 
loss  across  the  two  shock  waves  will  be  considerably  less  than  that  across  a 
single  fin  generated  shock  wave.  Since  the  primary  factors  influencing  heat 
transi.-.r  are  pressure  and  total  enthalpy,  heating  from  the  two  shock  flow  field 
is  higher  than  that  for  the  single  shock  case.  Although  the  increased  heating 
can  be  readily  explained,  the  magnitude  of  the  increase  cannot  be  accurately 
predicted  because  of  the  complex  flow  situation  upstream  of  the  fin.  As 
indicated  by  Figure  10  the  magnitude  of  the  increased  heating  decreases  as 
the  angle  of  attack  increases.  At  a  -  20  degrees,  the  heating  rates  along  the 
fin  leading  edge  are  uniform  and  are  in  good  agreement  with  swept  cylinder 
theory. 

(U)  Heating  on  the  fin  side  panels  was  computed  from  laminar  strip  theory 
corrected  fGr  pressure  gradient  using  the  method  of  Bertram  and  Feller 
(Ref.  21).  The  side  panel  effective  angle  of  attack  is  given  by: 


sin  =  cos  a  cos  p  sin  t  cos  <}>  +  cos  t  cos  4>  sin  p 

+  sin  4>  sin  a  cos  p 


(6) 


2.5  (U)  TRANSITION  CRITERION 

(C)  Boundary  layer  transition  can  strongly  affect  heating  levels,  and  there¬ 
fore  was  taken  into  consideration  in  the  aerothermodynamic  analysis.  To 
establish  a  transition  criterion,  wind  tunnel  and  inflight  heating  data 
obtained  during  the  ASSET  program  were  examined.  ASSET  flight  data  indicated 
that  turbulent  flow  occurred  on  the  vehicle  lower  surface  when  the  ratio  of 
momentum  thickness  Reynolds  number  lo  local  Mach  number  exceeded  a  value  of 
about  I85.  Figure  11  shows  correlations  of  additional  transition  data  from 
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several  sharp  delta  wing  models  tested  at  Mach  numbers  ranging  from  6  to  10. 
Data  sources  are  noted  on  the  figure.  The  transition  criterion  (Reg/Mg)  is 
plotted  versus  local  unit  Reynolds  number.  Transition  begins  when 
Reg/^e  *  to  130  and  the  flow  is  completely  turbulent  when  Re0/Mg  »  l60 
to  200.  A  slight,  increase  in  transition  Reynolds  number  with  local  unit 
Reynolds  number  is  indicated. 

(C)  Based  on  the  foregoing  experimental  data,  the  following  criterion  for 
boundary  layer  transition  was  employed  during  the  study: 


VMe  2 


150 


(T) 


Although  this  is  slightly  unconservative  with  respect  to  the  wind  tunnel  data 
plotted  on  Figure  11,  nose  and  leading-edge  bluntness  are  known  to  delay 
transition.  For  a  typical  high  L/D  entry,  Eq.  7  results  in  a  local  Reynolds 
number  at  transition  on  the  order  of  2  to  8  million. 
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SECTION  3 

(U)  FDL-5  SURFACE  TEMPERATURE  PREDICTIONS 


(U)  Analytical/ empirical  techniques  used  for  predicting  aerodynamic  heating 
are  discussed  in  the  preceding  section.  Based  on  these  methods,  surface 
temperature  histories  and  vehicle  isotherm  locations  were  determined  for  the 
FDL-5  configuration.  These  predicted  temperatures,  including  consideration 
of  thermal  margins,  aided  in  the  selection  of  vehicle  structural  materials 
and  in  the  determination  of  thermal  protection  requirements. 

(u)  The  basic  vehicle  structures  under  consideration  employ  a  thin  metal  skin 

which  is  radiation  cooled.  These  structures  have  little  heat  storage  capacity, 

and  at  most  vehicle  locations,  the  structural  design  is  such  that  the  heat 

transfer  rates  from  the  surface  to  the  vehicle  interior  are  low  compared  with 

the  surface  convective  heating  rates.  For  these  reasons,  calculated  surface  * 

temperatures  are  conservatively  based  on  radiation  equilibrium  conditions: 

i.e.,  the  convective  heating  rate  to  the  vehicle  surface  is  equal  to  the  heat 

radiated  to  space.  A  surface  emissivity  equal  to  0.7  was  assumed  for  all 

temperature  calculations.  In  addition,  a  50°R  radiation  sink  temperature  was 

used  as  per  Reference  6.  * 

(U)  Geometric  characteristics  and  dimensional  details  of  the  full-scale  FDL-5 
configuration  are  shown  in  Figure  12.  The  reference  length  of  the  vehicle, 

33  feet,  is  taken  from  the  nose  cap  (station  0)  to  the  junction  between  the 
aft  body  leading  edge  and  the  vehicle  base.  The  vehicle  is  basically  a  delta 
planform  lifting  body  with  a  lift  to  drag  ratio  of  approximately  3  at  hyper¬ 
sonic  speeds.  A  2:1  ellipsoidal  nose  is  employed  with  thfe  axis  rotated  11 
degrees  so  that  the  geometric  and  flow  stagnation  point  coincide  at  the 
vehicle  design  attitude.  Body  leading  edge  radii  are  1.5  inches. 

(U)  The  FDL-5  configuration  employs  compression  surfaces  on  the  upper  and 

lower  portions  of  the  aft  body  area.  The  lower  compression  surfaces  are 

rolled  out  20  degrees  from  vertical  and  toed  in  6  degrees.  These  "compression 

sharing"  surfaces  result  in  the  elimination  of  any  distinct  fin  geometry  for 

hypersonic  stability.  A  center  fin,  shielded  by  the  body  during  hypersonic 

flight,  is  provided  for  low  speed  stability.  A  curved  lower  surface- forward  ^ 

ramp  is  employed  to  maximize  internal  volume.  Upper  forebody  side  panels  are 

rolled  in  so  as  to  be  parallel  with  the  free-stream  flow  at  maximum  L/D 

attitude.  Additional  description  of  the  FDL-5  configuration  is  given  in 

Part  II,  Section  5« 

* 

(U)  The  high  heating  reference  entry  trajectory  used  for  temperature 
calculations  is  shown  in  Figure  13  as  time  histories  of  altitude  and  velocity. 
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Vehicle  parameters  and  injection  conditions  are  noted  on  the  figure.  A 
constant  vehicle  angle  of  attack  (11  degrees)  and  bank  angle  (34  degrees)  was 
assumed. 

3.1  (U)  TEMPERATURE  HISTORIES 

(U)  Figure  14  shows  predicted  radiation  equilibrium  temperature  histories  at 
four  locations  on  the  FDL-5  vehicle.  Maximum  temperatures  on  the  nose  and 
leading  edge  are  4420°F  and  2940°F,  respectively.  Both  are  within  the  capabi¬ 
lity  of  the  proposed  structural  materials,  tungsten-thoria  and  tantalum.  At 
station  100,  the  peak  lower  surface  centerline  temperature  based  on  laminar 
theory  is  i.930°F.  Transition  from  laminar  to  turbulent  flow  (when  Re  ,/M  =  150) 
occurs  at  6250  seconds  and  is  indicated  by  the  discontinuity  in  the  temperature 
curve.  The  peak  temperature  at  station  100  during  turbulent  heating  is  2450  F. 
At  station  396,  transition  occurs  at  about  5730  seconds,  and  the  resultant  peak 
temperature  is  2000 °p. 

(U)  Shown  in  Figure  15  are  both  laminar  and  turbulent  flow  temperature 
histories  on  the  FDL-5  lower  surface  for  entry  times  between  4000  and  7000 
seconds.  Temperatures  at  eight  locations  are  shown.  Peak  laminar  temperatures 
occur  at  approximately  5200  seconds,  which  corresponds  to  a  vehicle  velocity 
of  about  20,000  fps  (Figure  13).  Maximum  turbulent  temperatures  occur  at  a 
velocity  of  approximately  18,000  fps. 

(U)  Assumed  transition  points  are  indicated  by  vertical  lines  connecting  the 
corresponding  laminar  and  turbulent  flow  temperature  histories.  Note  that 
peak  temperatures  on  essentially  the  entire  lower  surface  result  from  turbulent 
heating.  Peak  temperatures  from  Figure  15  are  plotted  versus  vehicle  station 
in  Figure  16.  When  a  6  percent  margin  is  added  to  these  temperatures,  about 
40  percent  of  the  lower  surface  exceeds  2500°F,  the  assumed  temperature  limit 
for  coated  columbium.  As  a  result,  it  is  recommended  that  initial  flights  of 
a  test  vehicle  be  made  with  wings  level  to  establish  thermal  design  accuracy 
before  proceeding  with  high  heating  banked  flights. 

3.2  (U)  ISOTHERMS 

(u)  Figure  17  shows  the  predicted  surface  temperature  distribution  on  the 
FDL-5  configuration  at  che  design  conditions  of  Vo  =  20,000  fps,  H  =  200,000 
ft,  and  a  =  11  degrees.  This  flight  condition  closely  approximates  the  peak 
laminar  heating  point  on  the  reference  trajectory  (Figure  15).  Although  the 
temperatures  shown  are  generally  not  maximum  values  due  to  turbulent  flow 
which  predominates  at  lower  velocities,  these  distributions  are  of  particular 
interest  since  comparisons  are  posrible  between  the  values  shown  and  predicted 
temperatures  based  on  the  results  of  the  laminar  flow  wind  tunnel  tests. 

(u)  At  the  design  condition,  the  predicted  temperature  on  the  0.5  aspect  ratio 
ellipsoidal  nose  is  4330°F.  Leading-edge  stagnation  line  temperatures  are 
2870°F  forward  of  station  260,  and  2790°F  aft  of  this  station,  where  the  sweep 
angle  increases  from  8l  to  84  degrees.  Predicted  stagnation  line  temperature 
on  the  70-degree-sweep  dorsal  fin  is  3200°F.  Fin  side  panel  temperatures  range 
from  about  1000  to  1500°F,  which  is  within  the  capability  of  superalloys. 
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Excepting  the  aft  lower  compression  surface,  temperatures  on  the  lower  and 
upper  surfaces  are  well  within  the  capability  of  columbium  and  superalloys, 
respectively. 

(U)  Temperature  variation  on  the  FDL-5  aft  lower  compression  surface  with 
distance  from  the  leading  edge  stagnation  line  is  plotted  in  Figure  18. 
Predicted  distributions  at  stations  300  and  380  are  shown.  At  the  design 
angle  of  attack,  the  inclination  of  this  surface  relative  to  freestream  is 
11  degrees.  The  locations  of  the  tangency  points  connecting  planar  and 
cylindrical  surface  elements  are  indicated  on  the  figure  by  the  letters  A 
through  F. 

(U)  The  predicted  temperature  at  the  side  panel/body  leading  edge  tangency 
point  is  about  2500°F.  Minimum  si'de  panel  temperatures  at  stations  300  and 
380  are  l800°F  and  1500°F,  respectively.  Considering  that  temperature  margins 
must  be  added  to  these  values  and  the  effects  of  yaw  are  not  included  in  the 
calculations,  it  appears  that  portions  of  the  side  panels  must  be  fabricated 
from  a  refractory  metal  such  as  columbium,  and  the  leading  edge  material 
(probably  tantalum)  must  be  extended  approximately  two  inches  beyond  the 
side  panel/leading  edge  tangency  point. 

(U)  Predicted  FDL-5  maximum  surface  temperatures  for  the  reference  trajectory 
(Figure  13)  are  shown  as  isotherms  in  Figure  19.  The  assumed  vehicle 
attitude  is  11  degrees  angle  of  attack  and  zero  yaw.  As  discussed  previously, 
most  of  the  peak  temperatures  result  from  turbulent  heating  at  the  assumed 
transition  time.  Consequently,  the  peak  temperatures  shown  in  Figure  19  do 
net  occur  simultaneously  but  represent  a  composite  temperature  map  which 
includes  the  forward  movement  of  the  transition  point  during  the  entry  period. 
For  this  reason  the  temperature  gradients  indicated  by  the  isotherms  are  not 
necessarily  the  maximum  experienced. 

(u)  By  comparing  the  peak  temperature  isotherms  with  the  laminar  flow  values 
of  Figure  17,  it  may  be  observed  that  the  major  effect  of  boundary  layer 
transition  is  to  significantly  increase  the  lower  surface  temperature  levels 
(See  also  Figure  15) .  If  the  flow  remained  laminar  throughout  entry,  these 
temperatures  would  range  between  about  1300  and  2000°  F;  whereas  accounting 
for  transition  yields  temperatures  in  excess  of  2300°F  over  a  major  portion 
of  this  surface. 

(U)  Temperatures  on  the  aft  lower  compression  surface  are  also  increased  as  a 
result  of  turbulent  flow.  The  range  of  maximum  temperatures  on  this  surface 
is  identical  to  that  predicted  for  the  lower  surface.  The  maximum  temperature 
occurs  at  the  leading  edge/side  panel  tangency  line  and  is  2570°?. 

(U)  Stagnation  point,  body  and  fin  leading  edge  temperatures  are  nominally 
the  same  in  both  isotherm  figures  as  the  flow  is  always  laminar  at  these 
locations.  Peak  temperatures  on  the  fin  side  panels  are  determined  by 
turbulent  heating  for  S/R  >  ^0,  which  is  just  downstream  of  the  1200°F 
isotherm  on  Figure  19 •  The  predicted  maximum  temperatures  are  between  1170 
and  1500°F  on  approximately  90  percent  of  this  surface. 
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(U)  Peal:  upper  body  aide  panel  temperatures  are  determined  by  turbulent 
heating  when  the  wetted  distance  from  the  leading  edge,  measured  in  a  plane 
30  degrees  to  the  horizontal,  exceeds  approximately  three  feet.  Predicted 
temperatures  are  between  1300  and  l800°F  on  approximately  90  percent  of  the 
side  panel  surface.  Maximum  temperatures  at  each  station  occur  at  the  leading 
edge/side  panel  tangency  line.  The  estimated  maximum  temperature  decreases 
from  2120°F  at  station  40  to  l850°F  at  station  260  as  a  result  of  the  predicted 
pressure  decrease  along  this  surface. 

(U)  Upstream  of  station  40,  peal:  upper  surface  centerline  temperatures  are 
nominally  the  same  as  at  the  design  condition  (Figure  17).  Downstream  of 
this  location,  maximum  temperatures  range  from  870  to  1300°F;  if  the  flow 
remained  laminar  throughout  entry,  these  temperatures  would  be  about  600 
to  1200°F . 


3.3  (U)  TRANSITION  AND  WING  LOADING  EFFECTS 

(U)  Although  peal:  lower  surface  temperatures  generally  result  from  turbulent 
flow,  the  boundary  layer  is  assumed  to  be  laminar  at  the  point  in  the 
trajectory  where  peak  turbulent  heating  would  occur  (Vc  »  18,000  fps).  Con¬ 
sequently,  it  is  of  interest  to  examine  the  effect  of  transition  on  peak 
temperatures.  Figure  20  shows  maximum  lower  surface  centerline  temperatures 
at  stations  180  and  396  as  a  function  of  the  transition  criterion,  Reg/Mg. 
Corresponding  values  of  an  alternate  transition  criterion,  Ree  x,  are  also 
shown.  At  the  assumed  transition  point  (Refl/M  =  150),  the  local  Reynolds 
numbers,  based  on  tangent  wedge  flow  properties,  are  2.0  and  3.6  million  at 
stations  180  and  396,  respectively.  Boundary  layer  edge  Mach  numbers  are 
on  the  order  of  5  to  8  during  transition. 

(U)  At  station  396  the  peak  temperatures  are  between  1900°F  and  2000°F  for 
transition  Reynolds  numbers  up  to  six  million.  Closer  to  the  nose,  peak 
temperatures  are  more  sensitive  to  transition  criterion.  At  station  180,  for 
example,  the  peak  temperatures  decrease  by  about  70°F  each  time  the  transition 
Reynolds  number  is  increased  by  one  million. 


(U)  The  IDL-5  reference  trajectories  are  based  on  a  wing  loading  of  35  psf . 
An  approximate  analysis  was  conducted  to  estimp.te  the  effect  of  wing  loading 
on  peak  surface  temperatures  at  specific  vehicle  locations.  Ibr  an  equili¬ 
brium  glide  the  f‘reestream  density  is  given  by 
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(U)  Assuming  the  lift  coefficient  is  independent  of  freestream  density,  the 
following  relations  apply  for  a  given  freestream  velocity: 


laminar  flow 


T  / 
w/s 

Vs  =  35 


turbulent  flow 


Tw/s 

Vs  =  35 


O.25  0.125 


%r/ s 

a~w/s  =  35. 


0.25  0.20 


%j_  s 

Vs  =  35. 


(8a) 


(8b) 


(U)  Peak  temperatures  presented  in  Figure  14  for  a  wing  loading  of  35  psf 
were  modified  according  to  the  above  relations,  and  are  plotted  as  a  function 
of  wing  loading  in  Figure  21.  On  the  lower  surface,  which  is  most  critical 
from  a  materials  standpoint,  the  peak  temperature  exceeds  2500°F  for  wing 
loadings  above  40  psf.  At  w/S  =  35  psf  the  rate  of  change  of  temperature 
with  wing  loading  is  about  l8°F/psf. 

3.4  (U)  TEMPERATURE  MARGINS 

(u)  Computed  surface  temperatures  presented  in  the  preceding  sections  sire 
nominal  values  and  are  felt  to  be  the  most  probable.  For  preliminary 
design  purposes  temperature  margins  are  added  to  the  nominal  temperature 
predictions  for  comparison  with  allowable  structure  temperatures.  The 
temperature  margins  employed  for  the  present  study  are  those  used  on  the 
ASSET  program  and  are  tabulated  below  as  percent  of  temperature  (°R) 
deviation  at  various  vehicle  locations. 

Vehicle  Location  Percent  Deviation 

Stagnation  Point  and  Leading  Edge  6 

Windward  Surfaces  6 

Leeward  Surfaces  10 

(U)  Additional  discussion  of  these  margins  is  contained  in  Reference  6. 

Design  temperatures  are  plotted  versus  nominal  temperatures  in  Figure  22 
for  margins  of  6  and  10  percent. 
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SECTION  4 

(U)  EXPERIMENTAL  PROGRAM 


(U)  Upon  completion  of  the  analytical  predictions  described  in  the  preceding 
section,  the  FDL-5  configuration  was  tested  in  facilities  at  the  Arnold 
Engineering  Development  Center,  Tullahoma,  Tennessee.  Pressure  and  heat 
transfer  tests  were  accomplished  at  nominal  Mach  numbers  of  10  and  19  in 
Tunnels  C  and  F  of  the  von  Karman  Gas  Dynamics  Facility.  Tunnel  C  is  a 
continuous-flow  wind  tunnel  with  a  50-inch  exit  diameter  contoured  nozzle 
and  uses  air  as  the  working  gas.  Tests  were  conducted  in  this  facility  at 
Reynolds  numbers  of  0.4  and  2.1  million  per  foot.  Tunnel  F  is  an  arc-driven 
hypervelocity  facility  with  a  100- inch  exit  diameter  conical  nozzle  and  uses 
nitrogen  as  the  test  gas.  The  useful  run  time,  with  the  recently  enlarged 
dump  tank,  is  about  100  |jsec.  Testing  in  Tunnel  F  was  accomplished  at  a 
nominal  Reynolds  number  of  0.5  x  10°  per  foot.  Detailed  descriptions  of  both 
tunnels,  including  operating  characteristics,  are  given  in  Reference  22. 
Aerodynamic  force  tests  were  conducted  at  various  Mach  numbers  and  additional 
pressure  tests  were  run  in  Tunnel  A.  The  results  of  the  force  and  lower  Mach 
number  pressure  tests  are  contained  in  Part  III  of  this  report. 

4.1  (U)  MODELS 

(U)  A  total  of  three  geometrically  identical  models  were  designed  and 
fabricated  for  the  pressure  and  heat  transfer  tests:  (l)  a  stainless  steel 
pressure  model  for  Tunnel  C,  (2)  a  thin  skin  (0.050  inch  nominal)  heat 
transfer  model  for  Tunnel  C,  and  (3)  a  combined  pressure  and  heat  transfer 
aluminum  model  for  Tunnel  F.  All  models  were  20  inches  in  length  which 
resulted  in  a  0.0505  scale  of  the  33-foot  FDL-5  configuration  (Figure  12). 

A  complete  description  of  all  the  test  models  including  design  drawings  and 
stress  analyses,  is  contained  in  Reference  23. 

(U)  The  Tunnel  C  pressure  model  was  fabricated  from  Armco  17-4  PH  stainless 
steel,  heat  treated  to  1200°F.  The  model  is  hollow  and  consists  of  two 
halves  (left  and  right)  bolted  together.  A  photograph  of  this  model  is  shown 
in  Figure  23.  Figure  24  shows  the  locations  of  the  99  pressure  orifices 
(0.043in.  diameter)  which  are  located  on  the  righthand  side  of  the  model. 

The  vertical  fin  is  solid  but  was  drilled  for  the  installation  of  the  nine 
pressure  taps  shown. 

(u)  The  Tunnel  C  heat  transfer  model  (Figure  25)  consists  of  six  formed 
sections  of  0.050-inch  304  stainless  steel  welded  together  to  form  the  body 
shell.  Some  deviations  from  true  model  contours  were  dictated  by  fabrication 
requirements.  These  included  smaller  radii  where  aft  upper  planar  surfaces 
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intersect,  and  a  reduced  leading  edge  radius.  Instrumentation  consisted  of 
150  No.  30  Chromel-Alumel  thermocouples  welded  to  the  inner  skin  surface. 

Sensor  locations  are  shown  in  Figure  26.  Skin  thicknesses  at  each  thermo¬ 
couple  location  were  measured  prior  to  model  assembly  and  were  used  in  the 
AEDC  data  reduction  program. 

(U)  The  body  of  the  Tunnel  F  heat  transfer  and  pressure  model  was  fabricated 
from  7075-T6  aluminum  alloy  and  the  vertical  fin  and  elevons  from  606I-T6 
aluminum  alloy.  A  photograph  of  this  model  is  shown  in  Figure  27.  The 
hollow  model  was  fabricated  in  two  pieces  with  a  horizontal  split  plane.  As 
shown  in  Figure  28,  the  model  was  instrumented  at  forty  locations  on  the 
righthand  side.  Quarter- inch-diameter  holes  were  bored  through  the  model 
shell  at  each  sensor  location.  During  the  pressure  tests  which  were  run 
first,  each  hole  was  fitted  with  a  contoured  slip- fit  plug  containing  an 
O.085- inch-diameter  orifice.  AEDC  pressure  transducers  were  connected  to 
the  origices  with  short  lengths  of  flexible  tubing.  For  the  heat  transfer 
tests,  the  plugs  were  removed,  and  contoured,  0.25- inch- diameter,  AEDC 
heating  transducers  were  installed. 

4.2  (U)  INSTRUMENTATION  AND  DATA  REDUCTION 

(u)  All  tests  were  accomplished  using  standard  AEDC  instrumentation  and  data 
reduction  techniques.  A  detailed  description  of  the  Tunnel  C  test  procedures, 
including  instrumentation,  calibration,  and  data  reduction  methods  is  presented 
in  Reference  2b.  Tunnel  C  pressures  were  measured  with  Wiancko  FM- types  1 
and  15  psid  transducers,  referenced  to  a  near  vacuum.  The  transducers  were 
automatically  switched  into  and  out  of  the  recording  system  to  allow  measuring 
to  the  best  precision.  From  repeat  calibrations,  the  estimated  pressure 
measurement  precision  was  ±0.001  psia  or  ±0.5  percent,  whichever  was  greater 
(Reference  24) . 

(U)  The  Tunnel  C  pressure  data  were  recorded  on  multichannel  oscillographs  for 
monitoring  during  the  tests  and  were  also  digitized  on  paper  tape  for  final 
computing  and  data  reduction  at  AEDC.  For  each  run,  final  pressure  data  were 
listed  on  magnetic  tape  in  the  form 

P(psia)  P/P,,  P/P^,  Cp 

(U)  Tunnel  C  heat  transfer  data  were  obtained  as  thermocouple  output  readings 
which  were  recorded  on  magnetic  tape,  at  a  rate  of  20  times  per  second,  from 
the  start  of  the  injection  cycle  until  about  3  seconds  after  the  model  reached 
the  tunnel  centerline.  Based  on  calibrations  of  the  temperature  recording 
system,  the  precision  of  the  data  is  estimated  at  ±0.2°R/sec  or  ±2  percent, 
whichever  is  greater  (Reference  24) .  Temperature  data  were  reduced  to 
standard  coefficient  form  five  times  during  each  run,  in  0.5-second  intervals. 
At  each  thermocouple  location,  the  wall  temperature  and  the  rate  of  change 
of  wall  temperature  were  computed  using  a  least- squares  parabola  through  21 
consecutive  wall  temperature  points.  The  wall  heating  rate  was  then  calculated 
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from  the  "thin  skin"  relation 
dT. 

q  =  p  bC  ^ 


(9) 


(U)  The  five  reduced  heating  rates  from  each  Tunnel  C  run  generally  varied 
less  than  5  percent  from  the  mean  value.  The  second  data  reduction  time  was 
selected  to  achieve  consistent  and  repeatable  data  minimally  affected  by 
either  injection  transients  or  conduction  losses. 

(u)  An  accurate  knowledge  of  the  model  thermal  properties  in  Eq  (9)  is 
i  required  to  insure  maximum  precision  of  the  reduced  data.  To  measure  these 

properties,  several  samples  of  the  304  stainless  steel  sheet  used  for  model 
I  fabrication  were  sent  to  Southern  Research  Institude  (SRI) .  Specific  heat 

was  measured  for  the  temperature  range  400  to  1200°R  and  density  at  room 
temperature.  The  measured  properties  were  incorporated  in  the  AEDC  data 
reduction  program.  The  SRI  final  report  documenting  these  measurements  is 
r  presented  as  an  appendix  to  this  report . 

(U)  Heat  transfer  coefficient  and  Stanton  number  were  computed  from  the  Tunnel 
C  data  using  the  relations 


f 


•*r 


(io) 


and 


St 


h 

P  V 

rOO  00 


(11) 


Along  with  model  attitude  and  tunnel  operating  parameters,  final  heat  transfer 
data  were  listed  on  magnetic  tape  as  q  and  St/st-j.^,  where  St^h  is  the  theoreti¬ 
cal  stagnation  point  Stanton  number  for  the  model  nose  based  on  the  method  of 
Fay  and  Riddell.  The  model  nose  radius  used  in  evaluating  St^  was  0.1515 
inch.  The  computed  Stanton  number  ratio  is  equivalent  to  the  ratio  of  measured 
heating  to  stagnation  point  heating  as  a  result  of  the  method  used  in  evaluat¬ 
ing  experimental  heat  transfer  coefficients  (Eq  10). 


(U)  Tabulations  of  the  Tunnel  C  pressure  and  heat  transfer  data  are  contained 
in  References  25  and  26,  respectively.  These  data  were  automatically  plotted 
using  a  CALCOMP  plotter.  Thirteen  separate  plot  formats  were  written  to 
accomplish  the  plotting. 

(U)  For  pressure  tests,  the  Tunnel  F  model  was  instrumented  with  4-0  variable 
reluctance  pressure  transducers ,  which  are  described  in  detail  in  References 
27  and  28.  These  transducers  operate  on  the  variable  reluctance  principle, 
i.e.,  the  reluctance  of  a  magnetic  circuit  is  varied  as  the  differential 
pressure  across  a  diaphragm  causes  the  diaphragm  to  deflect.  The  magnetic 
circuit  is  formed  by  the  diaphragm,  the  sensor  case,  and  an  air  gap  between 
the  diaphragm  and  case.  Two  air  gaps  are  formed  by  the  transducer  configuration. 
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The  change  in  reluctance  is  sensed  by  two  coils,  each  encircling  one  of  the 
magnetic  circuits.  The  coils  are  arranged  in  a  half-bridge  and  excited  with 
20-kc,  5-vrms  power  from  the  carrier  amplifier  system.  Von  Karman  Facility 
(VKF)  personnel  estimate  the  uncertainties  in  the  pressure  measurements  at 
±5  percent  for  P  20.00?  psia  and  ±10  percent  for  P  <  0.005  psia  (Reference  29) 


(u)  The  heat  transfer  gages  used  in  Tunnel  F  are  a  refinement  of  the  slug 
calorimeter.  Details  of  their  construction  and  calibration  are  given  in 
References  27  and  28.  A  thin- film  platinum  resistor,  deposited  on  the  rear 
surface  of  an  anodized  aluminum  calorimeter  disc,  is  used  as  the  sensing  ele¬ 
ment  to  indicate  the  temperature  rise  of  the  caloric  mass.  The  rate  of  change 
of  resistance  with  respect  to  time  is  proportional  to  the  heat  input  at  the 
gage  surface.  The  gages  are  calibrated  by  a  flame  torch  before  they  are 
installed  in  a  model.  VKF  personnel  estimate  the  uncertainties  in  the  meas¬ 
ured  heating  rate  at  ±10  percent  for  q>0.5  Btu/ft2  sec  and  .^5  percent  for 
q<0.5  Btu/ft2  sec  (Reference  29).  A  total  of  20  sensor  replacements  were 
required  during  the  Tunnel  F  heat  transfer  tests  (22  runs). 

(U)  The  reduced  Tunnel  F  pressure  data  were  referenced  to  the  pitot  pressure 
measured  on  the  tunnel  probe.  Heating  data  were  reduced  in  the  form  of  q/qg 
where  qs  is  the  stagnation  point  heating  rate  on  the  model  nose  (assumed  to 
be  a  0.1515-.inch  radius  sphere).  The  latter  was  inferred  from  the  measured 
stagnation  point  heating  rate  on  a  one-inch-radius  hemispherical  tunnel  probe, 
i.e.,  qg  =  np  =  0.1515'  . 

4.3  (U)  PRESSURE  DATA  AMD  CORRELATIONS 

(U)  Pressure  tests  were  conducted  in  Tunnel  C  at  a  nominal  Mach  number  of  10, 
and  unit  Reynolds  numbers  per  foot  of  2.1  x  10°  for  a  <  20  degrees  and 
0.4  x  10°  for  a  >  20  degrees.  Tunnel  F  pressure  tests  were  conducted  at  a 
nominal  Mach  number  of  19  and  Reynolds  number  per  foot  of  0.6  x  106.  The 


range  of  test  conditions  is 

summarized  below: 

TUNNEL  ct 

± 

6e 

-6 

Reoo/ft  x  10" 

(  0,5,10,15,20 

-2, 0,2, 4, 6 

0 

2.1 

C  j  25,30,35 

-2, 0,2, 4, 6 

0 

0.4 

F  J  0,5,10,15,20,25,30 

0 

C 

0.6 

(  10,15,20 

-2, 2,4,6 

0 

0.6 

A  single  exception  is  that  no  Tunnel  C  pressure  data  were  obtained  at  15 
degrees  angle  of  attack  and  2  degrees  yaw,  as  0  =  -2  was  inadvertently  run 
twice  at  this  angle  of  attack.  Tables  1  and  2  list  the  Tunnel  C  and  F 
test  conditions  according  to  run  number.  Including  repeat  runs,  49  tests 
were  conducted  in  Tunnel  C  and  25  in  Tunnel  F. 

(U)  To  minimize  the  run-to-run  variation  in  tunnel  operating  conditions,  the 
data  from  both  test  series  are  plotted  as  the  ratio  of  measured  surface 
pressure  divided  by  the  measured  pitot  pressure.  Upper  and  lower  surface 
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TABLE  1 


(U)  FLOW  CONDITIONS  FOR  TUNNEL  C  PRESSURE  TESTS 


RUN 

M 

» 

Re®/  ft 
(x  10-6) 

To 

(°R) 

Po 

(psia) 

a 

(degrees 

399 

10 

2. 

1 

1900 

1740 

0 

400 

5 

4oi 

10 

402 

15 

403 

20 

4o4 

0 

405* 

0 

4o6 

0 

407 

0 

408 

0 

409 

5 

4io* 

5 

4ii 

5 

412 

5 

413 

5 

4l4 

10 

415* 

10 

4i6 

10 

417 

10 

4l8 

10 

419 

15 

420* 

15 

421* 

15 

422 

15 

423 

15 

424 

20 

425* 

20 

426 

20 

427 

20 

428 

2! 

'1 

1740 

20 

429 

0.4 

350 

25 

430 

30 

431 

35 

432 

35 

433* 

25 

434 

25 

435 

25 

436 

25 

437 

30 

438* 

30 

439 

30 

44o 

30 

44l 

30 

442 

35 

443* 

444* 

35 

35 

445 

35 

446 

35 

447 

10 

0 

:4 

1900 

350 

25 

♦Repeat  Runs 
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(lT)  FLOW  CONDITIONS  FOR  TUNNEL  F  PRESSURE  TESTS 
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centerline  data  are  plotted  versus  nondimensional  longitudinal  distance. 

Spanwise  distributions  are  plotted  versus  the  nondimensional  surface  distances, 

S/S.  and  s/s  ,  which  are  defined  by  the  sketch  below: 
is  max 


X/l<  0.66 


XA  -  0.66 


(tt)  The  sketch  also  defines  nomenclature  used  when  referring  to  the  various 
model  surfaces.  Data  from  Tunnel  F  sensors  4  and  5,  sensor  15,  and  sensors 
30  and  31,  which  could  not  be  placed  in  the  most  desirable  model  locations  due 
to  sensor  spacing  limitations,  are  plotted  with  the  spanwise  distributions  at 
30,  50  and  95  percent  chord,  respectively  (Figure  28), 

(U)  The  Tunnel  C  and  F  pressure  data,  along  with  correlations  with  theory,  are 
presented  in  the  following  sections  according  to  model  location. 


4.3.1  (U)  Lower  Surface  Pressure  Distributions 


(U)  Machine  plots  of  the  Tunnel  C  lower  surface  centerline  pressures  versus 
nondimensional  longitudinal  distance  are  shown  in  Figures  29  through  33. 
Similar  plots  of  the  Tunnel  F  lower  surface  centerline  data  are  shown  in 
Figures  34  through  37*  Tangent  cone  theory  is  shown  on  each  figure  and 

was  obtained  from  the  perfect  gas  tables  of  Sims  (Reference  30).  Also 
shown  on  the  Tunnel  F  data  plots  are  modified  Newtonian  and  tangent  wedge 
theories.  Modified  Newtonian  pressures  are  based  on  the  expression 
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which,  for  «  Pq,  yields 
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(U)  To  evaluate  real  gas  effects  on  the  theoretical  pressure  levels,  tangent 
wedge  theory  was  calculated  by  solving  the  energy,  momentum  and  continuity 
equations  by  an  iterative  procedure,  using  real  gas  equilbrium  properties  for 
air  and  nitrogen.  For  the  Tunnel  F  test  conditions  this  solution  yielded 
results  which  agreed  with  perfect  gas  values  (Reference  31)  within  3  percent. 
For  the  Tunnel  C  test  conditions  the  difference  between  th^  two  calculation 
procedures  was  negligible. 

(C)  With  the  exception  of  the  Tunnel  F  zero  and  five  degree  angle  of  attack 
data,  the  forward  ramp  centerline  pressures  shown  in  Figures  29  through  37 
generally  agree,  within  7  percent,  with  tangent  cone  theory.  The  Tunnel  F 
zero-  and  5-degree  angle-of-attack  data  are  in  better  agreement  with  tangent 
wedge  theory.  Aft  ramp  centerline  pressures  generally  agree  within  10  percent 
with  tangent  cone  theory  with  the  exception  of  the  zero-  and  5-degree  angle- 
of-attack  data.  The  greatest  discrepancy  between  theory  and  data  occurs  at 
zero  angle  of  attack  where  the  Tunnel  F  aft  ramp  pressures  are  about  four 
times  freestream  pressure,  although  the  flow  deflection  angle  is  zero. 

(C)  The  zero-yaw  forward  ramp  centerline  pressures  from  both  test  facilities 
are  ratioed  to  the  tangent  cone  pressures  and  plotted  versus  the  hypersonic 
similarity  parameter  Mco  sin  aeff  in  Figure  38.  For  Moo  sin  o?eff  £  2.5  the 
data  are  consistently  within  ±10  percent  of  the  tangent  cone  prediction.  A 
similar  plot  of  the  aft  ramp  centerline  pressure  data  is  shown  in  Figure  39* 

For  Moo  sin  aeff  >2.5  the  pressure  data  agree  with  tangent  cone  theory  within 
±12  percent. 

(C)  Plots  of  the  Tunnel  C  lower  surface  spanwise  pressure  distributions  at 
30  percent  chord  are  presented  in  Figures  40  through  44.  Corresponding 
plots  of  the  Tunnel  F  data  at  30  percent  chord  are  presented  in  Figures  45 
through  49.  With  the  exception  of  the  zero-  and  five-degree  angle- of- attack 
data,  the  measured  press\;res  fr*-n  both  test  facilities  generally  agree  with 
tangent  cone  theory  within  six  percent.  Underprediction  of  the  low  angle-of- 
attack  data  is  attributed  primarily  to  bluntness  and  viscous  induced  pressures. 
Plots  of  the  Tunnel  C  and  F  lower  surface  spanwise  pressure  distributions  at 
50  percent  chord  are  presented  in  Figures  50  through  59*  As  with  the  data  at 
30  percent  chord,  the  pressures  generally  agree  within  6  percent  with  tangent 
cone  theory  for  angles  of  attack  greater  than  5  degrees . 

(C)  The  effect  of  yaw  on  the  10  and  15-degree  angle- of- attack  Tunnel  F  lower 
surface  pressures  shown  in  Figure  6 0  is  based  on  data  obtained  from  sensors 
11,  12  and  l4.  These  sensors  are  located  at  50  percent  chord  at  the  spanwise 
locations  noted  on  the  figure.  With  the  exception  of  the  most  outboard  sensor 
(at  S/S^e  =  0-86),  yaw  has  essentially  no  effect  on  the  15-degree  angle-of- 
attack  data.  However,  a.t  10  degrees  angle  of  attack,  the  pressures  increase 
with  yaw  at  all  three  sensor  locations.  As  the  leading  edge  is  approached 
the  pressure  increase  with  yaw  becomes  larger  owing  to  the  increase  in  local 
flow  deflection  angle  which  results  from  the  surface  curvature.  (Figure  12.) 

(C)  Figures  6l  through  65  and  Figures  66  through  75  show  lower  surface 
spanwise  pressure  distributions  at  75  and  c6  percent  chord,  respectively. 
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As  with  the  forward  ramp  data,  spanwise  pressures  at  these  two  aft  ramp 
stations  generally  agree  within  6  percent  with  tangent  cone  theory  for  angles 
of  attack  above  5  degrees.  Pressures  on  the  aft  lower  compression  surface, 
however,  are  overpredicted  at  the  higher  angles  of  attack.  Figure  76  shows 
the  effect  of  yaw  on  the  10  and  15  degree  angle  of  attack  lower  surface 
pressures  at  96  percent  chord.  The  data  shown  are  from  Tunnel  F  sensors  33 
and  35 »  which  are  on  the  lower  surface,  and  sensor  31>  which  is  on  the  aft 
lower  compression  surface.  Yaw  tends  to  increase  pressures  on  both  surfaces, 
with  the  effect  more  significant  as  the  angle  of  attack  decreases  and  distance 
from  the  centerline  increases. 

(C)  A  comparison  between  tangent  cone  theory  and  the  Tunnel  C  aft  lower  com¬ 
pression  surface  pressure  data  is  shown  in  Figure  77  for  zero  and  six  degree 
yaw.  A  similar  comparison  for  the  Tunnel  F  data  is  presented  in  Figure  78. 
Although  the  zero  angle  of  attack  pressures  agree  within  15  percent  with 
tangent  cone  theory,  the  remainder  of  the  data  are  overpredicted.  The  dis¬ 
crepancy  between  data  and  theory  increases  with  angle  of  attack  and  is 
apparently  due  to  over-expansion  of  the  lower  surface  crossflow  component. 

4.3.2  (u)  Upper  Surface  Pressure  Distributions 

(U)  Machine  plots  of  upper  surface  pressure  data  are  presented  in  Figures  79 
through  125 .  An  arrow  on  the  ordinate  of  each  plot  indicates  the  freestream 
pressure  ratio  P  /P'. 

(C)  Plots  of  the  Tunnel  C  upper  surface  centerline  pressures  versus  non- 
dimension'-l  longitudinal  distance  are  shown  in  Figures  79  through  83. 

Similar  plots  of  the  Tunnel  F  upper  centerline  data  are  shown  in  Figures  84 
through  88.  For  angles  of  attack  greater  than  zero,  the  pressures  tend  to 
decrease  with  increasing  chord  station.  Pressures  also  decrease  with  yaw 
angle.  With  increasing  angle  of  attack  the  pressure  levels  decrease,  reach 
a  minimum  at  about  20  degrees  angle  of  attack,  and  then  increase  with  addi¬ 
tional  angle  of  attack.  The  reason  for  this  variation  with  angle  of  attack 
is  unknown;  however,  the  results  are  consistent  with  upper  centerline  pres¬ 
sures  on  AFFDL  high  L/D  configuration  AF-1  (Reference  16)  which  has  a  similar 
upper  forebody. 

(C)  Figures  89  through  125  show  upper  surface  spanwise  pressure 
distributions  at  30,  50,  75  and  96  percent  chord.  Excepting  the  zero  angle 
of  attack  data,  the  pressures  decrease  as  the  upper  surface  centerline  is 
approached.  For  a  given  angle  of  attack,  the  side  panel  pressures,  in 
general,  increase  with  increasing  yaw  angle.  At  the  upper  surface  centerline, 
however,  the  pressures  tend  to  decrease  with  yaw  angle.  For  a  given  yaw  angle, 
spanwise  pressure  levels  decrease  with  increasing  angle  of  attack  reaching  a 
minimum  at  about  20  degrees,  as  with  the  centerline  data.  The  pressure  levels 
then  tend  to  increase  with  increasing  angle  of  attack.  An  exception  to  this 
trt  d  is  the  Tunnel  F  data  near  the  leading  edge,  where  the  pressures  decrease 
monotonioally  with  angle  of  attack  up  to  30  degrees. 
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(CJ  Appendix  I  presents  the  results  of  an  investigation  of  pressure 
distributions  on  the  leeward  centerline  of  slab  delta  wings  at  small  angles 
of  attack.  For  0  £  a  £  10°,  data  from  several  hypersonic  wind  tunnel  programs 
are  correlated  by  the  expression 


2  1/2 

P  M  C_.w 

=  1  +  (0.073  -  0.0033  6)  D*5Ti  ( 4 ) 

P«  (x/\)2/3 


(C).  Equation  (4)  is  also  shown  to  agree  with  AEDC  Tunnel  F  upper  surface 
centerline  pressures  on  AFFDL  high  L/D  configuration  AF-1  (Reference  16). 
Figure  126  shows  the  10,  15  and  20  degree  angle  of  attack  upper  centerline 
pressure  data  from  AF-1  and  FDL-5  plotted  versus  the  blast  wave  parameter 
M§  Cpu1/^/(x/Rn)^/^*  Included  are  all  of  the  zero-yaw  FDL-5  Tunnel  C  and  F 
pressuie  data  forward  of  x/l  =  0.55»  where  the  upper  centerline  profile  angle 
begins  to  change.  At  10,  15  and  20  degrees  angle  of  attack,  the  upper  center- 
line  flow  expansion  angles  are  4,  9  and  l4  degrees,  respectively.  The  straight 
lines  drawn  through  the  data  represent  the  expression 


M  2CL  1/2 
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(14) 


where  the  constant  has  been  changed  to  achieve  better  agreement  with  the  Mach 
10  data. 


(C)  Figures  127  and  128  compare  the  Tunnel  C  and  F  zero-yaw  upper  centerline 
pressures  with  equation  (l4).  At  zero  and  five  degrees  angle  of  attack,  this 
is  a  compression  surface  and  the  term  0.7  in  equation  (l4)  was  replaced  with 
the  tangent  cone  pressure  ratio,  Ptc/Poo.  The  data  generally  agree  with 
Eq.  (14)  within  20  percent  for  angles  of  attack  up  to  20  degrees,  where 
minimum  pressures  generally  occur. 


(C)  As  shown  in  Figures  89  through  108,  most  of  the  body  side  panel  pressures 
are  higher  than  freestream  and  decrease  with  distance  from  the  leading  edge. 

In  performing  data  correlations  it  was  assumed  that  these  pressures  are  a 
result  of  local  surface  inclination,  nose  bluntness,  and  leading  edge  bluntness. 
Following  the  approach  of  Creager  (Reference  32),  the  leading  edge  bluntness 
induced  increment  was  added  to  the  equilibrium  pressure,  which  was  assumed  to 
be  the  pressure  resulting  from  surface  inclination  and  nose  bluntness.  The 
equilibrium  pressure  was  based  on  the  procedure  used  to  correlate  the  upper 
centerline  data.  The  resulting  equations  are 
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expansion  surface: 
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(C)  Figures  129  and  130  compare  Tunnel  C  upper  surface  pressure  data  at 
30  and  50  percent  chord  with  the  distributions  given  by  Eq.  (15).  Similar 
correlations  for  the  Tunnel  F  data  are  shown  in  Figures  131  and  132.  The 
Tunnel  C  data  generally  agree  with  Eq.  (15)  within  20  percent  for  angles  of 
attack  below  15  degrees.  At  higher  angles  of  attack  the  pressures  are  lower 
than  predicted,  with  the  maximum  '’isciepancy  between  data  and  prediction 
occurring  at  a  =  20°.  The  Tunnel  F  data  generally  agree  with  Eq.  (15)  within 
25  percent  for  all  three  angles  of  attack  investigated  (10,  15  and  20  degrees). 
As  predicted,  the  Tunnel  F  body  side  panel  pressure  gradient  normal  to  the 
leading  edge  is  larger  than  the  Tunnel  C  gradient.  The  relatively  poor  agree¬ 
ment  between  the  Tunnel  C  data  and  Eq.  (15a)  at  a  =  20  degrees  is  a  result  of 
the  0.7  constant  in  Eq.  (15b).  This  constant  is  the  assumed  equilibrium 
pressure  in  the  absence  of  bluntness  effects,  and  is  probably  dependent  on 
Mach  number  and  flow  expansion  angle . 

4.3.3  (U)  Fin  Pressure  Data 

(C)  The  FDL-5  pressure  model  contains  five  pressure  taps  on  the  fin  side  panel 
and  four  taps  on  the  fin  stagnation  line.  Figure  133  shows  the  Tunnel  C 
side  panel  pressure  data  for  zero  and  six  degrees  yaw  plotted  versus  angle  of 
attack.  A  sketch  showing  the  fin  sensor  locations  and  corresponding  data 
symbols  is  included  on  the  figure.  For  a<  20°,  the  pressures  decrease  with 
both  angle  of  attack  and  distance  from  the  fin  leading  edge.  An  abrupt,  in¬ 
crease  in  pressure  occurs  between  20  and  25  degrees  angle  of  attack,  .it  zero 
and  5  degrees  angle  of  attack,  pressures  increase  with  yaw  angle  as  expected. 
However,  at  10,  15  and  20  degrees  angle  of  attack,  pressures  from  hhe  taps 
nearest  the  body  decrease  with  yaw  angle. 

(C)  Figure  134  compares  the  zero-  and  six-degree  yaw  fin  stagnation  line 
pressures  with  isolated  swept  cylinder  theory.  Data  from  only  three  of  the 
four  sensors  along  the  fin  leading  edge  are  shown  because  the  tap  nearest  the 
fin  root  was  plugged  during  the  entire  test  series.  Consistent  with  theory, 
pressures  nearest  the  fin  root  (Xf/lf  =  0.37)  decrease  monotonically  with 
angle  of  attack  up  to  20  degrees.  Similar  to  the  fin  side  panel  results, 
the  leading  edge  pressures  show  a  sudden  rise  between  20  and  25  degrees  angle 
of  attack.  The  reason  for  this  pressure  increase  is  unknown.  Minimum  pressures 
from  the  two  taps  nearest  the  fin  tip  occur  at  5  degrees  angle  of  attack. 
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As  discussed  in  the  flow  visualization  section  (Part  III,  Section  3-3),  the 
flow  field  in  the  fin  region  is  extremely  complex.  As  a  result,  fin  pressure 
levels  are  probably  affected  by  local  flow  separation  and  reattachment,  vortex 
flow  and  shock  wave-boundary  layer  interactions.  These  effects,  in  turn,  are 
dependent  on  freestream  flow  conditions  and  model  attitude.  Considerable 
additional  testing  and  analysis,  which  is  beyond  the  scope  of  the  present  study 
is  therefore  required  to  achieve  a  complete  understanding  of  the  flow  field. 

(C)  Summarizing  the  pressure  correlations,  the  lower  surface  pressures  from 
both  test  facilities  generally  agree  with  tangent  cone  theory  within  10  percent 
for  angles  of  attack  above  five  degrees.  Additional  analysis  of  the  low-angle- 
of-attack  data  is  desirable  to  verify  bluntness  and  viscous  induced  effects  on 
the  pressure  levels.  Good  agreement  between  the  lower  surface  data  from 
Tunnels  C  and  F  is  indicated  by  the  consistent  agreement  with  tangent  cone 
theory.  On  the  upper  surface,  where  the  flow  deflection  angles  are  small, 
Tunnel  F  pressures  are  generally  higher,  as  predicted  by  blast  wave  theory. 
Satisfactory  correlation  of  upper  surface  pressures  was  achieved  (generally 
within  ±20%)  using  a  prediction  technique  based  on  blast  wave  theory  which 
resulted  from  analysis  of  leeward  surface  pressures  on  slab  delta  wings. 

Vehicle  regions  where  satisfactory  pressure  correlations  were  not  achieved  are 
the  aft  lower  compression  surface  and  dorsal  fin.  The  comparatively  low 
pressure  levels  on  the  aft  lower  compression  surface  are  believed  to  be  due 
to  over-expansion,  of  the  lower  surface  crossflow  component.  Additional  flow 
visualization  data,  and  possibly  an  analytical  study  of  the  inviscid  flow  field 
(method  of  characteristics  solution)  in  this  region,  would  be  desirable. 


4.4  (U)  HEAT  TRANSFER  DATA  AND  CORRELATIONS 


(U)  Heat  transfer  tests  were  conducted  in  Tunnel  C  at  a  nominal  Mach  number  of 
10,  and  unit  Reynolds  numbers  per  foot  of  0.4  and  2.1  million.  Tunnel  F  heat 
transfer  tests  we  re  conducted  at  a  nominal  Mach  number  of  19  and  unit  Reynolds 
number  of  0.5  million.  The  range  of  test  variables  is  summarized  below: 


Tunnel 


J2L 

(  0,5,10,15,20,25,30,35 


A 

-2, 0,2,4, 6 


Re^/ft 


x  10 


-6 


0.4 


c 


0,5,10,15,20 


0  0 


2.1 


v  0,5,10,15 


0  +10 


0.4 


(  0,5,10,15,20,25,30 
10,15,20 


0  0 

-2, 2,4,6  0 


0.5 


0.5 


(U)  Tables  3  and  4  list  the  Tunnel  C  and  F  heat  transfer  test  conditions 
according  to  run  number.  Including  repeat  runs,  7^  tests  were  conducted  in 
Tunnel  C  and  22  in  Tunnel  F. 


(u)  To  minimize  the  run-to-run  variation  in  tunnel  operating  conditions,  the 
data  from  both  test  series  are  plotted  as  the  ratio  of  measured  heating  rate 
to  stagnation  point  heating  rate  on  the  model  nose.  The  latter  is  assumed  to 
be  a  o  1515- inch  radius  sphere.  Stagnation  point  heating  rates  for  the  Tunnel  C 
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test  conditions  were  compited  by  the  method  of  Fay  and  Riddell.  Tunnel  F 
stagnation  point  heating  rates  were  inferred  from  data  on  a  one-inch  radius 
hemispherical  tunnel  prof  j,  i.e.,  qs  =  0.1515* 

(U)  Upper  and  lower  surface  centerline  heat  transfer  data  are  plotted  versus 
nondimens ional  longitudinal  distance.  Spanwise  distributions  are  plotted 
versus  the  nondimensional  surface  distances,  S/Sje  and  S/ Smnv .  which  are 
defined  in  Section  4.3.  The  plots  show  Tunnel  C  low  Reynolds  number  data 
for  yaw  angles  of  0,  -2,  2,  4  and  6  degrees,  Tunnel  C  high  Reynolds  number  data 
for  zero  yaw,  and  Tunnel  F  data  for  yaw  angles  of  0,  -2,  2,  4  and  6  degrees. 
Angle  of  attack  is  a  parameter  on  each  plot.  These  data,  along  with  correla¬ 
tions  with  theory,  are  presented  below  according  to  model  locations. 

4.4.1  (U)  Lower  Surface  Heat  Transfer  Distributions 

(C)  Figures  135  through  145  show  lower  surface  centerline  heating  distri¬ 
butions.  In  general,  the  data  plot  smoothly  and  appear  to  be  of  good 
quality.  Data  from  tne  thermocouple  nearest  the  nose  on  the  Tunnel  C  model, 
however,  does  not  appear  valid.  This  thermocouple  is  attached  to  the  machined 
nose  cap  and  the  temperatures  are  probably  affected  by  conduction.  The 
heating  increase  aft  of  95  percent  chord  during  the  Tunnel  C  tests  is  believed 
to  be  due  to  imperfections  in  the  model  contours .  The  model  lower  surface  is 
visibly  warped  in  this  region  and  forms  a  slight  compression  ramp  with  respect 
to  the  upstream  flow.  The  fact  that  the  location  of  the  heating  increase  is 
relatively  insensitive  to  Reynolds  number  and  angle  of  attack  makes  it 
unlikely  that  boundary  layer  transition  was  the  cause,  although  transitional 
flow  had  been  erpected  on  the  aft  ramp  at  the  high  Reynolds  number  test  point. 
The  transition  criterion  Reg/Me  >150  predicts  turbulent  flow  aft  of  36  per¬ 
cent  chord  for  this  test  point. 

(C)  Lower  surface  spanwise  heating  distributions  at  30-,  40-  and  50-percent 
chord  are  shown  in  Figures  146  through  173-  At  small  angles  of  attack 

the  heating  rates  increase  rapidly  as  the  leading  edge  is  approached.  With 
increasing  angle  of  attack,  the  magnitude  of  the  increase  becomes  smaller  as 
predicted  by  streamline  divergence  theory.  At  angles  of  attack  above 
20  degrees,  the  zero-yaw  heating  rates  are  nearly  constant  in  the  spanwise 
direction.  Some  of  the  Tunnel  C  low  angle-of-attack,  spanwise  heating  dis¬ 
tributions  do  not  plot  smoothly,  e.g.,  Figures  l62  through  164  and  l68. 
Corresponding  Tunnel  F  distributions  are  uniform,  and  it  is  believed  that 
the  Tunnel  C  data  are  erroneous,  possibly  as  a  result  of  the  low  heating 
rates.  AEDC  personnel  estimate  that  the  accuracy  of  the  VKF  temperature 
recording  system  is  ±0.2°F/sec  or  ±2  percent,  whichever  is  greater  (Ref.  24), 
During  the  Tunnel  C  low  Reynolds  number  tests  at  zero  yaw  and  zero  angle  of 
attack,  forward  ramp  temperature  derivatives  ranged  from  1.0  to  7.7°F/sec. 

Based  on  temperature  derivative  measurement  error  of  ±0.2°F/sec,  the  corre¬ 
sponding  heating  rate  errors  range  from  3  to  20  percent.  For  angles  of 
attack  above  five  degrees,  heating  rates  from  both  test  facilities  plot 
smoothly  and  tend  to  decrease  in  the  spanwise  direction  up  to  about  4o  percent 
span.  This  effect  is  most  evident  at  30-percent  chord  (Figures  l46  through 
156)  and  is  inconsistent  with  the  results  of  vapor  screen  stuu.'.es,  pre¬ 
sented  in  Bart  III,  Section  3-3>  which  indicate  a  region  of  decreasing  boundary 
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layer  thickness  up  to  roughly  30-percent  span.  However,  vapor  screen  studies 
are  a  relatively  new  experimental  technique,  and  the  results  may  be  subject 
to  misinterpretation. 

(C)  Figures  17k  through  190  show  the  lower  surface  spanwise  heating  dis¬ 
tributions  at  75  and  96  percent  chord.  The  magnitude  of  the  spanwise  heating 
increase  at  these  two  aft  lower  surface  locations  is  much  greater  than  that 
on  the  forward  ramp.  This  is  attributed  to  (l)  the  relatively  large  increase 
in  flow  deflection  angle  as  the  leading  edge  is  approached,  and  (2)  a  strong 
inboard  flow  over  the  leading  edge  at  small  angles  of  attack.  An  interesting 
feature  of  the  distributions  at  75“Percent  chord  is  the  small  effect  of  angle 
of  attack  on  the  aft  lower  compression  surface  heating  rates.  The  pressure 
data  are  not  consistent  with  the  heating  data  in  this  respect.  For  example, 
at  S/Spe  =  0.97,  the  Mach  10,  4-degree  yaw  pressure  tests  showed  that 
Fa=3!?/Ptt-o  »  2.2  (Figure  64).  Since  the  heating  rate  is  roughly  proportional 
to  the  square  root  of  the  pressure  for  laminar  flow,  the  heating  ratio 

should  be  about  1.5.  However  the  experimental  heating  ratio  from 
Figure  177  is  less  than  1.1.  In  contrast,  for  a  fixed  angle  of  attack,  pres¬ 
sures  and  heating  rates  at  this  location  approximately  double  as  the  yaw 
angle  is  increased  from  zero  to  six  degrees . 

(C)  As  noted  on  the  T'innel  C  run  schedule  (Table  3),  four  heat  transfer  tests 
were  conducted  with  elevons  deflected  10  degrees  into  the  airstream.  These 
tests  were  accompl  •' uhed  at  a  unit  freestream  Reynolds  .sunber  per  foot  of 
0.4  million,  zero  yaw,  and  0,  5>  10  and  15  degrees  angle  of  attack.  The  pur¬ 
pose  of  these  tests  was  to  investigate  the  effect  of  elevon  deflection  on  lower 
surface  heating  and  flow  separation  patterns.  Figure  191  compares  the  lower 
surface  longitudinal  heating  distributions  upstream  of  the  elevon  for  zero 
and  ten  degrees  elevon  deflection.  The  data  are  from  a  row  of  seven  thermo¬ 
couples  located  1.75  inches  off  centerline,  starting  with  T/C  101  at  X/L  = 

0.910  and  ending  with  T/C  l44  at  X/L  =  0.997  (Figure  26).  Heating  data  for 
10  degrees  elevon  deflection  and  zero  angle  of  attack  appeared  erroneous  and 
are  not  shown.  With  this  exception,  the  data  for  zero  and  ten  degrees  elevon 
deflection  are  in  excellent  agreement,  and  indicate  that  the  flow  did  not 
separate.  As  discussed  previously,  the  heating  increase  aft  of  X/L  =  0.95  is 
probably  due  to  imperfections  in  the  model  contour. 

(u)  Figures  192  and  193  compare  the  zero-yaw  forward  ramp  centerline 
heating  data  witn  laminar  swept  cylinder,  flat  plate  and  tangent  cone  theories . 
Theoretical  surface  pressures  were  used  for  all  theory  evaluation.  Swept 
cylinder  heating  rates  were  calculated  by  the  method  of  Beckwith  (Ref.  4), 
with  the  effective  body  radius  based  on  experimental  velocity  gradient  data 
of  Boison  and  Curtiss  (Ref.  3)  as  discussed  in  Section  2.1.  Flat  plate 
and  tangent  cone  heating  rates  were  computed  by  Eckert's  reference 
enthalpy  method  ^Ref.  33)  with  the  model  nose  taken  as  the  boundary  layer 
origin.  On  Figures  192  and  193  the  ordinate  is  q/X/qs,  which  eliminates 
the  dependence  on  sensor  location  for  the  wedge  and  cone  theories.  However, 
because  the  swept  cylinder  predictions  do  not  va-  ,ith  X1/2,  this  theory 
must  be  shown  as  a  band  with  the  lower  boundary  applicable  to  the  most  rear¬ 
ward  sensor  (at  X/L  =  O.50)  and  the  upper  boundary  applicable  to  the  most 
forward  sensor  (at  X/L  =  0.15  for  the  Tunnel  F  model  and  at  X/L  =  0.10  for 
the  Tunnel  C  model). 
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(c)  The  correlations  shown  on  Figures  192  end  193  indicate  that,  flat  plate 
and  cone  theories  are  applicable  over  a  very  limited  angle  of  attack  range. 
Flat  plate  theory  is  in  fair  agreement  with  the  zero  angle  of  attack  heating 
rates,  but  underpredicts  the  remainder  of  the  data.  Cone  theory  correlates 
the  data  in  the  10-15  degree  angle  of  attack  range.  Swept  cylinder  theory 
underpredicts  the  heating  rates  by  an  average  of  approximately  20  percent  but 
the  trends  with  angle  of  attack  are  accurately  predicted.  The  fact  that  the 
deviation  between  theory  and  data  is  nearly  constant  at  all  positive  angles 
of  attack  is  interpreted  as  an  indication  that  swept  cylinder  theory  is 
applicable,  but  was  improperly  evaluated.  To  apply  the  theory  requires  a 
knowledge  of  boundary  layer  edge  flow  properties  and  the  effective  body  radius 
used  to  calculate  the  spanwise  velocity  gradient.  Beckwith's  theory  was 
evaluated  using  swept  cylinder  flow  field  properties  which  assumes  that  the 
shock  wave  is  parallel  to  the  body.  The  measured  pressures,  however,  agree 
with  tangent  cone  theory  and  are  roughly  20  percent  higher  than  predicted  by 
swept  cylinder  theory.  Since  q  ~  p0*5,  predicted  heating  rates  using 
experimental  pressures  would  be  about  10  percent  higher  than  those  shown  on 
Figures  192  and  193 .  The  remainder  of  the  discrepancy  between  theory  and 
data  is  attributed  primarily  to  the  calculation  of  velocity  gradient. 

Figure  19k  compares  the  assumed  effective  body  radius  distribution  used  in 
the  velocity  gradient  calculations  with  the  radius  distribution  required  to 
achieve  perfect  agreement  between  Beckwith's  theory,  evaluated  using  swept 
cylinder  flow  properties,  and  the  Tunnel  C  heat  transfer  data  for  10,  15  and 
20  degrees  angle  of  attack.  For  reference,  the  lower  surface  radius  of 
curvature  and  the  model  semi-span  are  included  on  Figure  19^.  The  latter 
represents  the  radius,  which  in  the  absence  of  test  data,  would  be  used  to 
predict  lower  surface  centerline  swept  cylinder  heating  rates  if  the  FDL-5 
lower  surface  were  a  half-cone.  The  semi-span  is  in  surprisingly  good  agree¬ 
ment  with  the  experimental  effective  body  radius  data.  It  is  apparent  from 
the  correlations  shown  in  Figures  192  r.nd  193  that  the  experimental  body 
radius  distribution  shown  in  Figure  19^  can  be  employed  in  swept  cylinder 
theory  to  predict  the  forward  ramp  centerline  heating  rates  for  all  angles 
of  attack  greater  than  5  degrees. 

(C)  Figure  195  compares  the  10-degree  angle -of -attack  spanwise  heating 
data  on  the  forward  ramp  with  the  distribution  assumed  when  predicting  FDL-5 
entry  heating  rates  shown  in  Section  3-  The  predicted  distribution  was  based 
on  elliptic  cone  wind  tunnel  data.  Although  the  data  scatter  on  Figure  195 
is  considerable,  the  measured  heating  distributions  up  to  80  percent  span 
generally  agree  with  the  predicted  distribution  within  ±15  percent.  An 
exception  is  the  Tunnel  C  data  at  50-percent  chord,  where  heating  rates  near 
the  leading  edge  are  nearly  50  percent  higher  than  predicted.  In  contrast, 
the  Tunnel  F  data  at  50  percent  chord  are  within  10  percent  of  the  predicted 
values . 

(C)  Figure  196  compares  the  zero-yaw  Tunnel  C  lower  surface  spanwise  heating 
rates  at  75  percent  chord  with  laminar  strip  theory.  Similar  comparisons  for 
the  Tunnel  C  and  F  lower  surface  heating  data  at  96  percent  chord  are  pre¬ 
sented  in  Figure^  197  and  198.  Heating  rates  were  calculated  by  Eckert's 
reference  enthalpy  method,  with  the  characteristic  dimension  based  on  the 
distance  from  the  leading  edge,  measured  parallel  to  the  model  centerline. 
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Local  flow  properties  were  computed  by  tangent  wedge  theory.  Because  the  flow 
deflection  angle  increases  in  the  spanwise  direction,  the  heating  rates 
increase  more  rapidly  than  given  by  X'V2.  At  10  degrees  angle  of  attack,  the 
data  at  75-percent  chord  generally  agree  with  strip  theory  within  ±5  percent. 
At  lower  angles  of  attack,  heating  rates  near  the  centerline  are  overpredicted 
while  those  near  the  leading  edge  are  underpredicted.  Above  ten  degrees  angle 
of  attack,  the  data  are  consistently  higher  than  strip  theory.  The 
discrepancy  increases  with  angle  of  attack,  and  reaches  a  maxi mum  of  about 
60  percent  on  the  centerline  at  ct  =  35 However,  good  agreement  with  strip 
theory  is  not  expected  at  the  higher  angles  of  attack,  where  considerable 
outflow  occurs. 


(c)  The  Tunnel  C  lower  surface  data  at  96-percent  chord  do  not  have  as  uniform 
a  trend  as  the  data  at  75  percent  chord,  and  are  in  relatively  poor  agreement 
with  strip  theory.  For  angles  of  attack  up  to  20  degrees,  strip  theory  over¬ 
predicts  the  Tunnel  C  centerline  heating  rates  and  underpredicts  those  near 
the  leading  edge.  The  discrepancy  between  data  and  theory  is  as  high  as 
60  percent.  The  apparent  boundary  layer  thickening  near  the  centerline  and 
thinning  near  the  leading  edge  is  consistent  with  the  Tunnel  C  oil  flow  data 
presented  in  Part  III,  Section  3*3,  which  show  inboard  flow  over  the  aft  ramp 
for  the  0  to  20-degree  angle -of -attack  range.  For  20  <  tv  <  35,  the  Tunnel  C 
centerline  heating  rates  agree  within  15  percent  with  strip  theory,  but  heating 
rates  near  the  leading  edge  remain  as  much  as  50  percent  higher  than  predicted. 
Tunnel  F  aft  lower  surface  heating  ratios  (q/q.s)  at  96  percent  chord  are 
generally  20  to  80  percent  higher  than  corresponding  Tunnel  C  values.  This 
discrepancy  is  possibly  due  to  the  Tunnel  C  model  imperfections  noted  pre¬ 
viously,  although  at  zero  and  five  degrees  angle  of  attack  the  exceptionally 
high  Tunnel  F  aft  lower  surface  pressures  (Figure  3*0  undoubtedly  contri¬ 
buted  to  the  difference.  At  zero  angle  of  attack  the  Tunnel  F  centerline 
heating  rates  are  20  percent  lower  than  strip  theory,  although  the  measured 
pressures  are  about  four  times  freestream  pressure,  which  was  used  in  theory 
evaluation.  This  indicates  the  magnitude  of  the  boundary  layer  thickening  due 
to  inflow  over  the  leading  edges.  Above  10  degrees  angle  of  attack  the 
Tunnel  F  aft  lower  surface  heating  rates  at  96  percent  chord  are  consistently 
higher  than  strip  theory.  As  with  the  Tunnel X  data,  the  discrepancy  tends  to 
increase  in  the  spanwise  direction. 

(C)  Figures  199  and.  200  compare  the  zero-yaw  aft  lower  compression  surface 
heating  data  from  both  test  facilities  with  laminar  strip  theory.  The  heating 
rates  were  evaluated  using  tangent  wedge  flow  properties,  with  the  character¬ 
istic  dimension  based  on  the  wetted  distance  from  the  leading  edge  stagnation 
line,  measured  in  the  freestream  flow  direction.  At  zero  angle  of  attack  the 
data  scatter  is  large,  and  the  values  are  higher  than  predicted.  This  is 
probably  due  to  the  assumed  flow  direction.  No  oil  flow  data  were  obtained 
in  this  region  but  it  is  assumed  that  at  a  =  0  the  ridge  formed  by  the 
intersection  of  the  aft  lower  and  aft  upper  compression  surfaces  will  act 
as  a  flow  parting  line.  Consequently  the  applicable  characteristic  dimen¬ 
sions  will  be  smaller  than  the  assumed  values.  For  angles  of  attack 
around  ten  degrees,  the  data  generally  agree  with  the  predicted  values 
within  ±30  percent.  At  higher  angles  of  attack  the  heating  rates  are  con¬ 
sistently  lower  than  predicted,  with  the  data  mean  at  a  =  30°  approximately 
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half  the  strip  theory  value.  This  trend  is  consistent  with  the  pressures, 
which  are  in  fair  agreement  with  tangent  wedge  theory  at  small  angles  of 
attack  but  are  approximately  half  tangent  wedge  pressure  at  a  =  30°.  The 
poor  correlation  of  the  aft  lower  compression  surface  pressure  and  heating 
data  indicates  a  need  for  additonal  analysis  in  this  area. 

**■.4.2  (u)  Upper  Surface  Heat  Transfer  Distributions 

(C)  Figures  201  through  211  show  upper  surface  centerline  heat  transfer 
data  plotted  versus  nondimensional  longitudinal  distance.  Heating  rates 
decrease  in  the  chordwise  direction,  and  decay  rapidly  aft  of  55  percent 
chord  where  the  profile  angle  changes .  The  heating  trends  with  angle  of 
attack  are  erratic,  however,  and  are  discussed  below  along  with  data 
correlations. 

(C)  Figures  212  through  239  show  upper  surface  spanwise  heating  rates  at 
30,  40  and  50  percent  chord.  Body  side  panel  heating  rates  decrease  with 
distance  from  the  leading  edge,  and  in  contrast  to  the  upper  centerline  data, 
decrease  monotonically  with  angle  of  attack  up  to  35  degrees.  As  expected, 
the  side  panel  heating  rates  increase  rapidly  with  yaw  angle.  At  the  higher 
angles  of  attack  the  side  panel  heating  rates  nearly  triple  as  the  yaw  angle 
is  increased  from  zero  'to  six  degrees. 

(C)  Figures  240  through  245  show  Tunnel  C  upper  surface  spanwise  heating 
distributions  at  75  percent  chord.  Near  the  leading  edge  the  heating  rates 
decrease  monotonically  with  angle  of  attack  up  to  35  degrees.  However,  as  the 
distance  from  the  leading  edge  increases,  the  trend  with  angle  of  attack 
becomes  erratic.  At  zero  yaw  (Figure  240),  the  three  highest  heating  rates 
at  S/ =  0.92  occur  at  0,  15  and  35  degrees  angle  of  attack.  The  lowest 
heating  rate  occurs  at  a  =  20  degrees. 

(c)  Upper  surface  heating  data  at  96  percent  chard  are  shown  in  Figures  246 
through  256.  On  the  aft  upper  compression  surface  (0  <  s/S^x  <  0.3),  the 
heating  rates  decrease  with  distance  from  the  leading  edge,  and  decrease 
monotonically  with  angle  of  attack.  On  the  surface  adjacent  to  the  fin, 
however,  the  data  are  highly  irregular.  Maximum  heating  rates  occur  at  a 
variety  of  angles  of  attack,  depending  on  the  location  and  yaw  angle.  Impinge¬ 
ment  of  the  fin-generated  shock  wave  on  the  upper  surface  is  apparently 
responsible  for  the  local  heating  increase  observed  around  S/Sn^  =  0.8 
during  the  Tunnel  C  low  angle  of  attack  tests. 

(C)  Figure  257  compares  the  Tunnel  C  and  F  upper  centerline  heating  rates 
at  40  percent  cnord  as  a  function  of  angle  of  attack.  Only  the  Tunnel  F  data 
plot  smoothly,  and  with  the  exception  of  the  zero  angle  of  attack  tests, 
maximum  Tunnel  C  heating  rates  occur  in  the  angle- of -attack  range  which 
results  in  minimum  Tunnel  F  heating,  i.e.,  10-20  degrees.  At  15  degrees 
angle  of  attack,  the  Tunnel  C  high  Reynolds  number  heating  ratio,  q/qg,  is 
4.5  times  the  Tunnel  F  value.  Although  data  from  only  one  chord  station  are 
shown  in  Figure  257,  the  trends  with  angle  of  attack  are  representative  of 
the  heating  data  at  all  upper  centerline  stations. 


34 

CONFIDENTIAL 


CONFIDENTIAL 


(C)  The  exceptionally  high  heating  rates  on  the  upper  centerline  and  aft  upper 
surface  may  be  due  to  boundary  layer  transition  and  vortices.  Wind  tunnel 
transition  studies  on  cones  have  shown  the  leeward  surface  boundary  layer  to 
be  considerably  less  stable  than  that  on  the  windward  side.  Figure  258  shows 
the  effect  of  angle  of  attack  on  the  windward  and  leeward  meridian  transition 
locations  on  three  cones  tested  by  Stetson  and  Rushton  (Ref.  34) •  Transi¬ 
tion  points  were  determined  from  the  axial  heating  distributions  during  shock 
tunnel  tests  at  a  nominal  Mach  number  of  5*5*  At  8  degrees  angle  of  attack 
the  length  of  laminar  flow  on  the  windward  meridian  of  the  pointed  cone  is 
4.5  times  that  on  the  leeward  meridian.  Consequently,  it  appears  reasonable 
that  the  FDL-5  upper  centerline  transition  location  could  be  within  a  few 
inches  of  the  nose  and  account  for  the  irregular  heating  distributions  shown 
on  the  upper  surface  heat  transfer  plots. 

(C)  Figure  259  compares  the  10-,  15-  and  20-degree  angle  of  attack  upper 
centerline  neating  distributions  from  Tunnels  C  and  F  with  zero  angle  of 
attack  flat  plate  theory.  Heating  rates  were  computed  by  Eckert’s  reference 
enthalpy  method,  evaluated  using  freestream  flow  properties,  with  the  nose 
taken  as  the  boundary  layer  origin.  At  all  three  angles  of  attack  the 
Tunnel  F  heating  rates  are  30  to  45  percent  lower  than  zero  angle  of  attack 
iftmi mr  flat  plate  theory.  However,  at  large  chord  stations,  all  of  the 
Tunnel  C  high  Reynolds  number  data  and  the  15-degree  angle  of  attack  low 
Reynolds  number  data  exceed  the  laminar  flat  plate  predictions.  At  X/L  =  O.60, 
these  heating  rates  are  only  25  to  35  percent  below  zero  angle  of  attack 
turbulent  flat  plate  values.  This  comparison  supports  the  assumption  that 
a  considerable  portion  of  the  upper  centerline  may  have  experienced  turbulent 
flow  during  the  Tunnel  C  tests. 

(C)  Figures  260,  26l  and  262  compare  Tu-nel  C  body  side  panel  heating 
distributions  at  15-,  30-  and  50-percenx  -hord  with  laminar  strip  theory. 
Correlations  of  the  Tunnel  F  body  side  panel  heating  data  at  30-  and  50-percent 
chord  are  shown  in  Figures  263  and  264.  Heating  predictions  are  based 
on  Eckert’s  reference  enthalpy  method,  with  local  flow  properties  based  on  an 
isentropic  expansion  of  the  leading  edge  stagnation  line  properties  to  the 
measured  Tunnel  C  pressures.  Two  predictions  are  shewn  for  each  set  of  data. 

For  the  solid  lines,  the  characteristic  dimension  is  based  on  the  wetted 
distance  from  the  leading  edge  stagnation  line,  measured  in  the  freestream 
flow  direction.  For  the  dashed  lines,  the  characteristic  dimension  is  based 
on  the  distance  from  the  stagnation  line,  measured  in  the  surface  flow  direc¬ 
tions  indicated  by  oil  streak  data  obtained  on  the  Lockheed/AFFDL  F-4  high 
L/D  configuration  (Ref.  20).  The  upper  forebody  of  the  F-4  is  almost 
identical  to  that  of  the  FDL-5.  The  F-4  data  were  used  because  the  FDL-5  side 
panel  flow  directions  could  not  be  determined  from  the  Tunnel  C  oil  flow 
photographs.  The  experimental  body  side  panel  flow  directions  are  inclined 
5,  21,  31,  38  and  43  degrees  with  respect  to  the  angle  of  attack  reference 
plane  for  a  -  0,  5,  10,  15  and  20  degrees,  respectively.  At  zero  angle  of 
attack  the  side  panel  heating  rates  are  consistently  higher  than  predicted 
by  either  method.  The  predictions  based  on  experimental  surface  flow 
directions  are  more  accurate  and  generally  correlate  the  data  within  20  percent. 
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As  the  angle  of  attack  increases,  however,  the  data  are  in  better  agreement 
with  the  heating  predictions  which  assume  that  the  surface  flow  direction  is 
parallel  to  freestream.  With  the  exception  of  the  15-percent  chord  data  at 
S/Sjje  =  0.12,  this  method  generally  correlates  the  10  and  15  degree  angle  of 
attack  data  within  15  percent.  Body  side  panel  pressure  gradients  are 
negligible  at  a  =  0  but  are  relatively  large  at  the  intermediate  angles  of 
attack  (Figures  89  through  108).  Consequently,  including  the  effects  of 
pressure  gradients  in  the  heating  predictions  would  not  significantly  change 
the  a  -•  0  correlations,  where  the  discrepancy  between  data  and  theory  is 
largest,  but  would  impair  the  correlations  for  larger  angles  of  attack. 

4.4.3  (u)  Estimated  Fin  Stagnation  Line  Heating  Rates 

Because  the  fins  on  the  heat  transfer  models  are  uninstrumented,  the  only 
fin  heat  transfer  information  resulting  from  the  AEDC  tests  is  that  which  can 
be  inferred  from  the  Tunnel  C  pressure  data.  To  do  this,  estimates  of  the 
flow  properties  upstream  of  the  fin  are  required.  These  were  computed  by 
assuming  that  (l)  the  static  pressure  is  equal  to  the  surface  pressure 
measured  on  the  upper  centerline  at  75-percent  chord,  and  (2)  the  flow  is 
pare..llel  to  the  upper  surface  adjacent  to  the  fin,  i.e.,  the  fin  leading 
edge  is  swept  62  degrees  with  respect  to  the  upstream  flow.  The  ratio  of 
upstream  soatic  pressure  to  fin  stagnation  line  pressure  yields  the  Mach 
number  normal  to  the  fin  leading  edge.  Then,  with  the  assumed  flow  direction 
and  conservation  of  total  enthalpy,  all  other  upstream  flow  properties  can 
be  computed. 

(C)  The  estimated  flow  properties  upstream  of  the  fin  were  input  to  a  computer 
program  which  calculates  swept  cy  .inder  heating  rates  by  the  method  of  Beckwith 
(Ref.  4).  Heating  calculations  were  performed  for  all  of  the  unyawed  0  to 
20  degree  angle-of -attack  pressure  data  shown  on  Figure  134.  The  results  are 
compared  with  isolated  swept  cylinder  heating  theory  in  Figure  265.  Near 
the  fin  tip  the  inferred  stagnation  line  heating  rates  exceed  isolated  cylinder 
values  for  angles  of  attack  greater  than  six  degrees.  Fin  stagnation  line 
temperatures  shown  in  Section  3  are  based  on  isolated  swept  cylinder  heating 
predictions  for  a  vehicle  angle  of  attack  of  zero  degrees.  As  indicated  in 
Section  3,  the  heating  estimates  were  considered  to  be  conservative,  but  no 
test  data  were  available  to  substantiate  lower  estimates.  From  Figure  265, 
it  is  seen  that  qdata  a=ll/(ltheory,o=0  =  0.19/0.282  =  O.67.  If  this  ratio 
were  applied  to  the  low  angle  of  attack  ( a =  11°)  reference  trajectory  heating 
predictions,  the  peak  fin  stagnation  line  temperature  shown  on  Figure  19 
would  be  reduced  from  3270°F  to  2900°F. 

(C)  In  summary,  the  FDL-5  heat  transfer  data  from  both  test  facilities  gen¬ 
erally  plot  smoothly  and  appear  to  be  of  good  quality.  Some  of  the  Tunnel  C 
low  angle  of  attack  lower  surface  data  appear  questionable,  possibly  due  to 
the  low  heating  rates.  Forward  ramp  centerline  heating  rates  are  higher  than 
predicted  by  laminar  swept  cylinder  theory  by  an  r/erage  of  about  20  peiient. 

On  the  forward  ramp,  Tunnel  F  heating  ratios  (q/qs)  are  10  to  25  percent 
higher  than  the  Tunnel  C  values,  although  swept  cylinder  theory  predicts  an 
increase  of  only  5  to  12  percent.  Tunnel  C  lower  surface  heating  rates  at 
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75 -percent  chord  generally  agree  with  laminar  strip  theory  within  ±5  percent 
at  10  degrees  angle  of  attack.  At  lower  angles  of  attack,  centerline  heating 
•>  rates  are  overpredicted,  while  those  near  the  leading  edge  are  underpredicted. 

Above  10  degrees  angle  of  attack  the  data  are  generally  higher  than  strip 
theory,  with  the  maximum  discrepancy  occurring  on  the  centerline.  At  96-percent 
chord  lower  surface  centerline  heating  rates  from  Tunnel  C  generally  agree 
within  ±15  percent  with  laminar  strip  theory  for  20  s  a  <  35  degrees,  but  are 
lower  than  predicted  by  strip  theory  at  smaller  angles  of  attack.  Hear  the 
leading  edge,  the  heating  rates  are  as  much  as  50  percent  higher  than  pre¬ 
dicted  by  strip  theory.  This  discrepancy  exists  for  angles  of  attack  up  to 
35  degrees.  Tunnel  F  lower  surface  heating  ratios  (q/qs)  at  96  percent  chord 
are  generally  20  to  80  percent  higher  than  corresponding  Tunnel  C  values, 
although  laminar  strip  theory  predicts  nearly  identical  heating  ratios  for  the 
two  facilities.  Above  10  degrees  angle  of  attack  the  Tunnel  F  heating  rates 
are  consistently  higher  than  strip  theory.  Aft  lower  compression  surface 
heating  rates  are  higher  than  predicted  by  strip  theory  for  a  =  0  but  agree 
within  ±30  percent  with  strip  theory  at  a  =  10°.  At  higher  angles  of  attack 
the  heating  rates  are  consistently  lover  than  predicted  with  the  data  mean 
at  a  =  30°  approximately  half  the  laminar  strip  value. 

(C)  On  the  upper  surface,  the  Tunnel  C  heating  trends  with  angle  of  attack  are 
frequently  erratic,  pc.'Sibly  as  a  result  of  boundary  layer  transition  or 
*  vortices.  At  10  and  15  degrees  angle  of  attack  Tunnel  C  upper  centerline 

heating  rates  for  0.3  <  X/L  <0.6  are  25  to  35  percent  lower  than  zero  angle 
of  attack  turbulent  strip  theory.  Corresponding  Tunnel  F  heating  rates  are 
30  to  45  percent  lower  than  zero  angle  of  attack  laminar  strip  theory.  For 
a  >  0,  body  side  panel  heating  rates  are  generally  lower  than  predicted  by 
'  laminar  strip  theory,  based  on  experimental  pressures  and  surface  flow 

directions.  For  10  and  15  degrees  angle  of  attack,  the  side  panel  data 
generally  agree  within  ±15  percent  with  strip  theory  predictions  based  on  the 
assumption  that  the  surface  flow  direction  is  parallel  to  freestream. 
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SECTION  5 

(U)  REVISED  FDL-5  TEMPERATURE  PREDICTIONS 


(u)  Section  3  presents  FDL-5  design  point  radiation  equilibrium  isotherms 
(for  V*  =  20,000  fps,  H  =  200,000  ft,  a  =  11°),  and  peak  heating  isotherms 
based  on  the  low  angle  of  attack  reference  trajectory.  Due  to  the  transition 
criterion  employed  during  this  study  (Reg/Mg  >  150),  the  design  point  tempera¬ 
tures  are  based  entirely  on  laminar  flow.  However,  for  the  low-altitude 
reference  trajectory,  predicted  maximum  temperatures  at  most  vehicle  locations 
result  from  turbulent  flow.  Because  no  turbulent  heating  data  were  obtained 
from  the  AEDC  test  program,  the  results  cannot  be  directly  compared  with 
heating  predictions  used  to  generate  the  peak  heating  isotherms.  Section  A 
compares  the  test  data  with  analytical  methods  used  to  predict  laminar  flow 
heating  rates.  This  section  presents  design  point  radiation  equilibrium 
isotherms  based  on  the  AEDC  test  data,  and  compares  the  results  with  the 
isotherm  predictions  shown  in  Figure  17 . 


(U)  Extrapolation  of  wind  tunnel  data  to  flight  conditions  requires  the 
application  of  correction  factors  to  account  for  differences  between  the 
tunnel  and  flight  environments.  Thomas,  Perlbachs  and  Nagel  (Ref.  12)  pre¬ 
sent  correction  factors  for  extrapolating  tunnel  data  to  flight  conditions 


based  on  the  assumption  that 
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(U)  Because  the  local-to-stagnation  point  heating  ratio  is  relatively  insensi¬ 
tive  to  flow  conditions,  it  is  coi.i,'enient  to  normalize  wind  tunnel  data  with 
respect  to  stagnation  point  values.  The  resulting  equation,  which  was  used  to 
extrapolate  the  AEDC  data  to  the  design  point  flight  conditions,  is 


qf light  =  qs, flight, theory 
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(18) 


Equation  (l8)  is  also  identical  to  equations  (l6)  and  (17)  since  the  stagna¬ 
tion  point  heating  rates  cancel.  The  ratio  (q/qg)  f light, the ory/(q/q  )  wind 
tunnel, theory  is  a  correction  factor  to  be  applied  to  the  experimental  value  of 
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(u)  To  determine  the  correction  factor  applicable  to  the  lower  surface  forward 
ramp  data,  the  ratio  (q/qs)flight, tbeory/(q/qs)wind  tunnel,  theory  was  computed, 
with  the  ramp  centerline  heating  rates  based  on  Beckwith's  swept  cylinder 
theory  (Ref.  4).  Correction  factors  for  the  aft  lower  surface,  aft  lower 
compression  surface  and  upper  surface  were  based  on  flat  plate  theory  for  a  = 
11,  10  and  0  degrees,  respectively.  In  all  cases,  stagnation  point  heating 
rates  were  computed  by  Fay  and  Riddell  theory.  On  the  lower  surface  and  body 
side  panels,  the  revised  flight  heating  rates  were  based  on  data  from  the 
more  densely  instrumented  Tunnel  C  model.  Tunnel  F  data  were  used  for  the 
remainder  of  the  upper  surface,  due  to  the  irregular  behavior  of  the  Tunnel  C 
data  in  these  areas.  Lower  surface  spanwise  heating  rates  (q./q.o)  were 
assumed  to  be  identical  for  flight  and  wind  tunnel  conditions,  'in  all  cases 
the  data  were  interpolated  and  faired  to  obtain  smooth  distributions  appli¬ 
cable  to  eleven  degrees  angle  of  attack. 


(C)  The  revised  radiation  equilibrium  temperatures  are  shown  in  the  form  of 
isotherms  on  Figure  266.  Aft  of  five  percent  chord  the  lower  surface  tem¬ 
peratures  range  from  2300°F  to  1100 °F.  Forward  ramp  centerline  temperatures 
are  higher  than  the  predicted  values  shown  in  Figure  17 with  the  dis¬ 
crepancy  as  high  as  200°F  near  the  nose.  Between  50  and  90  percent  chord, 
the  predicted  and  experimental  temperatures  agree  within  ±100°F.  Aft  lower 
compression  surface  temperatures  generally  range  from  1700°F  to  2000°F, 
which  is  in  good  agreement  with  the  predicted  range  of  l600°F  to  2000°F. 

Body  side  panel  temperatures  range  from  1100°F  to  l600°F,  and  consistently 
agree  within  ±100 °F  with  the  predicted  values.  On  the  upper  centerline  the 
temperatures  aft  of  30  percent  chord  range  from  500°F  to  780°F,  and  agree  with 
the  predicted  values  within  ±50°F.  Upper  centerline  temperatures  forward 
of  30  percent  chord  are  based  on  extrapolation  of  the  heating  data  from  the 
most  forward  Tunnel  F  sensor  according  to  q  ~  X-0,5. 


(C)  Figure  267  compares  the  predicted  and  revised  temperature  distributions 
at  50  and  9b  percent  chord.  At  50  percent  chord,  the  revised  lower  surface 
temperatures  are  higher  than  the  predicted  values,  with  the  difference  ranging 
from  80 °F  on  the  centerline  to  200 °F  near  the  leading  edge.  On  the  body  side 
panels,  the  predicted  and  revised  temperatures  agree  within  ±50°F.  Near  the 
upper  centerline  the  predicted  temperatures  are  lower  by  as  much  as  100°F. 

At  96  percent  chord,  the  revised  lower  surface  temperatures  are  approximately 
200°F  below  the  predicted  values  at  the  centerline,  and  200°F  higher  near 
the  leading  edge.  On  the  aft  lower  compression  surface  the  maximum  tempera¬ 
ture  based  on  experimental  heating  rates  is  identical  to  the  predicted 
maximum  (2000°F)  but  the  heating  rate  decay  with  distance  from  the  leading 
edge  is  not  as  great  as  predicted.  On  the  aft  upper  compression  surface  the 
revised  temperatures  exceed  the  predicted  values  by  as  much  as’250°F,  which 
is  the  largest  discrepancy  observed  on  any  surface. 


(C)  In  summaiy,  the  predicted  and  revised  design  point  radiation  equilibrium 
isotherms  generally  agree  within  ±200°F  on  the  lower  surface,  and  within 
±100°F  on  the  body  side  panels  and  aft  lower  compression  surface.  The  largest 
difference  between  predicted  and  revised  temperatures  is  about  250°F,  and  occurs 
on  the  aft  upper  compression  surface.  No  material  changes  would  be  required  as 
a  result  of  the  temperature  revisions. 
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SECTION  6 
(U)  CONCLUSIONS 

(u)  Pertinent  conclusions  which  may  be  drawn  from  results  of  the  FDL-5 
aercthermodynamic  analyses  are  summarised  below.  In  all  cases  these  con¬ 
clusions  are  based  on  a  34-degree  bank  angle,  low-altitude  reference  trajec¬ 
tory  which  was  selected  as  the  critical  thermal  condition. 

1.  (U)  For  the  low-altitude  reference  trajectory,  predicted  surface 

temperatures  are  compatible  with  the  proposed  structural  mate¬ 
rials:  tungsten-thoria  for  the  nose  cap,  coated  tantalum  for 
leading  edges,  coated  columbium  for  the  lower  surface,  and 
superalloys  for  the  upper  surface.  The  leading  edge  material 
must  be  extended  approximately  4  inches  beyond  the  leading  edge/ 
side  panel  tangency  line,  and  portions  of  the  forward  upper  sur¬ 
face  must  be  fabricated  from  a  material,  such  as  coated  columbium, 
which  has  a  temperature  capability  exceeding  that  of  superalloys. 

2.  (c)  From  a  heating  standpoint,  the  lower  surface  is  the  most  marginal. 

Peak  centerline  temperatures  on  this  surface  range  from  about 
2000 °F  at  station  396  to  2450°F  at  station  120.  If  a  6  percent 
design  margin  is  added  to  the  nominal  temperature  predictions, 
approximately  40  percent  of  the  lower  surface  exceeds  2500°F, 
the  assumed  temperature  limit  for  coated  columbium. 

3.  (c)  For  the  low-altitude  reference  trajectory,  predicted  maximum 

temperatures  on  essentially  the  entire  lower  surface  result  from 
turbulent  flow.  For  a  practical  range  of  transition  Reynolds 
numbers,  peak  temperatues  on  the  aft  lower  surface  are  not 
sensitive  to  transition  criterion.  Forward  ramp  peak  tempera¬ 
tures,  however,  decrease  significantly  with  increasing  transition 
Reynolds  number.  Results  of  wind  tunnel  transition  data  on  the 
FDL-5  and,  basic  geometries  indicate  that  heating  rates  based  on 
the  assumption  of  an  instantaneous  shift  from  laminar  to  turbulent 
flow  at  Re  /M  =  150  may  be  overly  conservative. 

4.  (U)  Increasing  the  vehicle  wing  loading  from  the  assumed  value  of 

35  psf  results  in  an  increase  in  lower  surface  temperature  of 
approximately  l8°F/psf. 


40 


CONFIDENTIAL 


CONFIDENTIAL 


(U)  Pertinent  conclusions  which  may  be  drawn  from  the  AEDC  pressure  and  heat 
transfer  tests  are : 

1.  (C)  For  angles  of  attack  above  five  degrees,  lower  surface  chordwise 

and  spanwise  pressures  generally  agree  within  ±10  percent  with 
tangent  cone  theory.  The  degree  of  correlation  with  theory  is 
nearly  identical  for  the  Tunnel  C  and  F  pressure  data. 

2.  (C)  Aft  lower  compression  surface  pressures  generally  agree  within 

±15  percent  with  tangent  cone  theoiy  at  zero  angle  of  attack, 
but  are  lower  than  predicted  for  a  >  0.  The  discrepancy,  which 
increases  with  angle  of  attack  and  Mach  number,  is  attributed 
primarily  to  over-expansion  of  the  lower  surface  crossflow 
component. 

3.  (C)  Upper  surface  pressures  generally  reach  a  minimum  at  approxi¬ 

mately  20  degrees  angle  of  attack,  although  Tunnel  F  body  side 
panel  pressures  near  the  leading  edge  decrease  monotonically 
with  angle  of  attack  up  to  30  degrees.  For  a  <  20  degrees,  data 
from  these  regions  were  generally  correlated  within  ±20  percent 
with  a  prediction  technique,  based  on  blast  wave  theory,  which 
restated  from  an  analysis  of  leeward  surface  pressure  data 
from  slab  delta  wings . 

4.  (C)  Forward  ramp  centerline  heating  rates  are  higher  than  predicted 

by  laminar  swept  cylinder  theory  by  an  average  of  about  20  percent 
and  maximum  of  40  percent.  The  deviation  is  attributed  to  some 
extent  to  differences  between  the  measured  and  assumed  pressures 
but  mainly  to  discrepancies  in  the  assumed  spanwise  velocity 
gradient.  On  the  forward  ramp.  Tunnel  F  heating  ratios  (q/qs) 
are  10  to  25  percent  higher  than  corresponding  Tunnel  C  values, 
although  swept  cylinder  theory  predicts  an  increase  of  only  5 
to  12  percent. 

5.  (C)  Tunnel  C  lower  surface  heating  rates  at  75  percent  chord  gen¬ 

erally  agree  with  laminar  strip  theory  within  ±5  percent  at 
10  degrees  angle  of  attack.  At  lower  angles  of  attack  centerline 
heating  rates  are  overpredicted,  while  those  near  the  leading 
edge  are  underpredicted.  Above  10  degrees  angle  of  attack  the 
data  are  generally  higher  than  strip  theory,  with  the  maximum 
discrepancy  on  the  centerline.  At  96  percent  chord  Tunnel  C 
lower  surface  centerline  heating  rates  generally  agree  within 
±15  percent  with  laminar  strip  theory  for  20  £  a  <  35  degrees, 
but  are  lower  than  predicted  at  smaller  angles  of  attack.  Near 
the  leading  edge,  the  heating  rates  are  as  much  as  50  percent 
higher  than  predicted  by  strip  theory.  This  discrepancy  exists 
for  angles  of  attack  up  to  35  degrees.  Tunnel  F  aft  lower 
surface  heating  ratios  (q/qs)  are  generally  20  to  80  percent 
higher  than  corresponding  Tunnel  C  values,  although  laminar  strip 
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theory  predicts  nearly  identical  heating  ratios  for  a  >  5  degrees. 
Above  ten  degrees  angle  of  attack  Tunnel  F  aft  lower  surface 
heating  rates  are  consistently  higher  than  strip  theory. 

6.  (u)  The  heating  increase  observed  over  approximately  the  last  inch  of 

the  Tunnel  C  model  lower  surface  is  believed  due  to  imperfections 
in  the  model  contours,  and  not  a  result  of  boundary  layer 
transition. 

7.  (C)  Aft  lower  compression  surface  heating  rates  from  both  test 

facilities  are  higher  than  predicted  by  laminar  strip  theory  at 
c*  =  0,  but  agree  within  ±30  percent  with  strip  theory  at  a  =  10° . 
At  higher  angles  of  attack,  the  heating  rates  are  overpredicted, 
with  the  data  mean  at  a  =  30°  approximately  half  the  strip  theory 
value. 

8.  (C)  Body  side  panel  heating  rates  are  generally  lower  than  predicted 

by  laminar  strip  theory,  based  on  experimental  pressures  and 
surface  flow  directions.  For  10  and  15  degrees  angle  of  attack, 
the  side  panel  data  generally  agree  within  ±15  percent  with  strip 
theory  predictions  based  on  the  assumption  that  the  surface  flow 
direction  is  parallel  to  freestream. 

9.  (C)  For  10  i  o  <  20,  Tunnel  F  upper  centerline  heating  rates  are 

30  to  45  percent  lower  than  zero  angle  of  attack  laminar  strip 
theory.  Tunnel  C  upper  centerline  heating  distributions  are 
erratic  and  are  possibly  affected  by  boundary  layer  transition 
or  vortices.  At  10  and  15  degrees  angle  of  attack,  Tunnel  C 
upper  centerline  heating  rates  between  30  and  60  percent  chord  are 
25  to  35  percent  lower  than  zero  angle  of  attack  turbulent  strip 
theory. 

10.  (C)  At  the  design  point  flight  conditions,  radiation  equilibrium 

temperatures  based  on  the  AEDC  heat  transfer  data  generally  agree 
with  analytically  predicted  temperatures  within  ±200 °F  on 
the  lower  surface,  and  within  ±100°F  on  the  body  side  panels  and 
aft  lower  compression  surface. 
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APPENDIX  I 

(U)  DELTA  WING  HEATING  AND  PRESSURE  DATA  ANALYSIS 


(U)  Heating  and  pressure  data  obtained  by  the  Air  Force  Flight  Dynamics 
Laboratory,  AFFDL,  were  examined  as  part  of  the  analytical  effort  on  the 
present  study.  These  analyses  were  performed  to  supplement  or  modify 
theoretical/erapirical  heating  prediction  methods  used  in  evaluating  the  study 
configurations.  The  data  were  obtained  on  an  80-degree  sweep  slab  delta  wing 
model  from  tests  in  AEDC  Tunnel  F.  Figure  268  shows  a  sketch  of  the  80-degree 
delta  wing  model  and  the  sensor  layout.  With  the  exception  of  one  heating 
rate  sensor  on  the  spherical  nose  cap,  only  the  planar  surface  was  instru¬ 
mented.  Tests  were  conducted  at  Mach  18.5  with  angles  of  attack  ranging 
from  -10  to  +45  degrees.  Model  attitudes  and  tunnel  flow  cc  r/  .ions  are 
summarized  in  Table  5. 

1  (U)  PRESSURF  DATA  CORRELATIONS 

(c)  Figures  269  through  27k  show  the  centerline  pressure  distribution  on  the 
80-degree  delta  wing  for  angles  of  attack  from  zero  to  25  degrees.  Included 
on  each  figure  are  pressure  distributions  predicted  by  Newtonian  theory  and 
by  two  expressions  based  on  blast  wave  theory.  The  expression  proposed  by 
Creager  (Ref.  32)  is  applicable  to  hypersonic  flow  over  a  blunted  flat  plate. 
The  expression  given  by  Lukasiewicz  (Ref.  35)  is  for  hypersonic  flow  over  a 
blunted  cylinder  whose  axis  is  aligned  with  the  flow.  Consequently,  applica¬ 
tion  of  these  methods  for  a  three-dimensional  body  is  an  approximation.  The 
expression  proposed  by  Creager  for  estimating  pressures  on  a  slightly  inclined, 
blunted  flat  plate  at  hypersonic  speeds  is 


where  Cy  =  0.112  for  y  =  1.40,  and  O.I69  for  y  =  I.67.  The  term  Pg/Pp  is  the 
inviscid  pressure  ratio  for  a  sharp  plate  and  was  taken  as  the  Newtonian 
value,  sin^  a  .  The  second  term  on  the  right  side  of  equation  19  is  the 
bluntness  induced  pressure. 


(U)  The  expression  proposed  by  Lukasiewicz  for  flow  over  a  blunted  cylinder  is 

=  0.44  +  0.067  **"  °MI  (20) 

(f) 
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(u)  FLOW  CONDITIONS  FOR  80  DEGREE  DELTA  WING  TESTS 
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Following  Granger's  approach,  the  bluntness  induced  pressure  given  by 
Eq.  (20)  was  added  to  the  equilibrium  pressure,  Pe/P0,  for  comparison  with 
angle-of-attack  data.  This  implies  that  the  shock  shape  does  not  change 
significantly  with  angle  of  attack.  At  all  angles  of  attack  Creager's  two 
dimensional  theory  predicts  higher  induced  pressures  (Figures  269 
through  274). 

(c)  Centerline  pressure  data  for  zero  angle  of  attack  are  in  fair  agreement 
with  the  equation  given  by  Lukasiewicz.  As  the  angle  of  attack  increases  to 
10  degrees,  the  data  fall  between  this  equation  and  Newtonian  theory,  indicat¬ 
ing  that  the  bluntness-induced  pressure  is  overestimated.  At  the  three  higher 
angles  of  attack  the  flow  over-exp ands  near  the  shoulder  and  then  approaches 
Newtonian  pressure  several  nose  radii  downstream  of  the  stagnation  point. 

Data  for  five  degrees  yaw  are  included  in  Figures  271  and  273  and  are  in  good 
agreement  with  the  zero-yaw  pressure  data. 

(c)  Spanwise  pressure  distributions  at  station  12  are  plotted  in  Figure  275. 

For  zero  yaw,  the  spanwise  pressure  variation  is  negligible  for  all  angles  of 
attack  between  zero  and  20  degrees.  At  five  degrees  yaw,  due  to  leading-edge 
effects,  the  pressures  increase  slightly  in  the  spanwise  direction  on  the  side 
of  the  model  which  is  positively  yawed.  Pressures  on  the  opposite  side  are  in 
good  agreement  with  the  zero-yaw  data. 

(U)  Prediction  of  leeward  surface-pressure  distributions  is  difficult  because 
of  the  complex  flow  in  such  regions.  An  attempt  was  made  to  correlate  the 
delta  wing  leeward  surface  centerline  pressure  data  in  terms  of  the  blast 
wave  parameter  Cpjj/ (x/R)n.  As  indicated  by  Eqs.  (19)  and  (20),  the 

exponents  m  and  n  are  both  2/3  for  two-dimensional  flow  and  x/2  and  1.0, 
respectively,  for  axisymmetric  flow.  The  value  used  for  m  is  comparatively 
insignificant  because  the  nose  drag  coefficient  is  generally  close  to  one, 
the  Newtonian  value  for  a  hemisphere.  To  determine  the  appropriate  value 
of  n,  delta  wing  leeward  surface  pressure  data  from  various  sources  were 
plotted  versus  x/R.  The  slopes  (on  log-log  paper)  varied  between  0.45 
and  0.70,  which  are  generally  lower  than  predicted  by  blast  wave  theory  for 
either  axisymmetric  or  two-dimensional  flow.  No  trends  with  Mach  number  or 
flow  expansion  angle  could  be  established.  For  subsequent  delta  wing  leeward 
surface  pressure  correlations,  it  was  assumed  that  m  =  l/2  and  n  =  2/3. 

(c)  Figure  276  shows  leeward  surface  centerline  pressure  data  from  the  80-degree 
delta  wing  and  from  a  NASA  70  degree  slab  delta  wing  tested  at  Mach  6.8  and 
9.6  (Ref.  36)  plotted  as  a  function  of  M2  C^2/ (x/r)2/3.  The  data  were 
obtained  at  expansion  angles  of  0,  5,  and  10  degrees.  The  expression 


|-  =  1  +  (0.073  -  0.00336  ) 
*00 


(4) 
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correlates  all  of  the  data  for  m|  c£/-2/(x/r)2/3  >  20  within  ±15  percent.  In 
evaluating  equation  (4)  the  flow  expansion  angle  6  is  in  degrees  and  is  a  # 

positive  (or  zero)  quantity.  The  nose  drag  coefficient  was  assumed  to  be 
unity  for  both  models. 

(C)  Figures  277  and  278  compare  Eq.  v  4)  with  leeward  surface  pressure 
measurements  on  models  of  high  L(/d  reentry  configurations.  The  data  shown  in  * 

Figure  277  were  obtained  frcsn  four  sensors  on  the  upper  surface  centerline  of 
a  model  tested  in  Tunnel  F  by  the  AFFDL.  The  data  shown  in  Figure  278  were 
obtained  from  two  sensors  located  on  the  upper  forebody  of  a  model  of  the 
F-5A  Mod-1  configuration  tested  in  the  Lockheed -California  Company  Shock 
Tunnel.  In  all  cases  the  pressures  are  within  +25  percent  of  the  pressures 
given  by  Eq.  (4).  Values  of  X/R  on  the  80  degree  delta  wing  and  the  Air 
Force  high  L/d  configuration  ranged  from  2  to  8  and  from  13  to  53,  respec¬ 
tively,  indicating  that  Eq.  (4)  is  applicable  over  a  considerable  distance 
downstream  of  the  nose.  The  nose  drag  coefficient  of  the  F-5A  Mod-1  model  was 
assumed  to  be  1.44,  the  Newtonian  value  for  a  2:1  ellipse  of  revolution. 

(C)  According  to  Eq.  (19),  the  bluntness -induced  pressure  on  a  blunted  plate 
is  51  percent  higher  if  the  t“*it  ans  is  helium  instead  of  air  (through  the 
term  Cy).  Accordingly,  Eq.  (4)  was  written  in  the  form 


Y  =  1  +  (0.110  -  0.0050  6 ) 


(21) 


and  compared  in  Figure  279  with  leeward  surface  pressure  data  from  a  NASA  70 
degree  slab  delta  wing  tested  at  Mach  18  in  helium  (Ref.  36).  The  flow 
expansion  angles  were  0,  5,  and  10  degrees.  Agreement  is  satisfactory,  with 
a  maximum  discrepancy  of  22  percent. 

(u)  In  Figures  280  ,  28l  and  282  ,  the  zero  angle  of  attack  centerline  pres¬ 
sure  data  from  the  80-degree  delta  wing  tested  in  Tunnel  F  and  the  70  degree 
delta  wing  tested  at  NASA-Langley  are  compared  with  Lukasiewicz's  solutions 
for  pressure  distributions  on  a  blunted  cylinder  and  on  a  blunted  flat  plate 
(Ref.  35).  The  expression  for  axisymmetric  flow  is  Eq.  (20).  For  two- 
dimensional  flow,  the  expression  is 


(22) 


(U)  In  Reference  35,  these  equations  are  shown  to  accurately  predict  experi¬ 
mental  and  analytical  (method  of  characteristics)  pressure  distributions  on 
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the  geometries  for  which  the  equations  were  derived.  However,  neither 
expression  is  in  good  agreement  with  the  delta  wing  centerline  pressure  data. 
The  curves  labeled  A  X/R  =  2  include  a  modification  suggested  by  Lukasiewicz, 
whereby  the  origin  of  the  X  coordinate  is  taken  as  one  nose  diameter  upstream 
of  the  stagnation  point.  This  modification,  however,  does  not  result  in 
better  agreement  with  the  data.  Pressure  distributions  given  by  Eq.  (4) 
are  included  in  Figures  280,  28l  and  282,  and  are  consistently  in  better 
agreement  with  the  data  than  are  the  axisymmetric  or  two-dimensional  solutions. 

(U)  Leeward  surface  spanwise  pressure  distributions  at  stations  9  and  12  are 
plotted  in  Figure  283.  The  centerline  pressures  at  these  (uninstrumented) 
stations  were  determined  by  fairing  a  smooth  curve  through  the  centerline 
pressure  data.  The  pressure  consistently  decreases  in  the  spanwise  direction; 
however,  the  overall  decrease  does  net  exceed  20  percent  for  any  of  the  four 
distributions  measured. 

2  (U)  HEAT  TRANSFER  DATA  CORRELATIONS 

(c)  Centerline  heating  data  from  the  80  degree  delta  wing  for  angles  of  attack 
from  zero  to  25  degrees  are  plotted  in  Figure  284.  An  interesting  feature  of 
the  heating  distributions  is  the  change  in  slope  with  model  angle  of  attack. 
Only  for  a  «  10  to  15  degrees  is  the  strip  theory  formula,  q  ~  appli¬ 

cable.  At  lower  angles  of  attack  the  heating  rates  decrease  more  rapidly  with 
distance  due  to  the  combined  effects  of  boundary  layer  growth  and  pressure 
decay.  At  higher  angles  of  attack,  the  pressure  is  relatively  -uniform  in  the 
chordwise  direction,  but  strip  theory  is  no  longer  applicable.  The  less  rapid 
cecrease  of  heating  rate  with  distance  can  be  partly  explained  by  cross  flow 
theory,  which  is  appropriate  for  predicting  lower  surface  heating  at  high 
angles  of  attack.  In  applying  this  theory  to  a  delta  wing  the  stagnation  line 
velocity  gradient  is  usually  obtained  from  a  correlation  of  disc  flow  data 
(Ref.  15).  Although  the  centerline  heating  rate  varies  according  to 
q~(du/dy)  the  velocity  gradient,  du/dy,  is  inversely  proportional  to 
chordwise  distance  only  for  a  flat  bottom  delta  wing  with  zero  edge  radius. 

On  blunted  wings  the  velocity  gradient  is  a  function  of  both  the  edge  radius 
and  the  local  span  dimension.  Consequently,  the  velocity  gradient,  and  hence 
the  heating  rate,  decrease  more  slowly  with  chordwise  distance. 

(C)  The  80-degree  delta  wing  centerline  heating  distributions  for  10,  15,  and 
20  degrees  angle  of  attack  are  compared  with  strip  theory  in  Figure  285, 

286,  and  287.  Local  flow  properties  were  based  on  an  isentropic  expansion 
of  the  stagnation  point  conditions  to  the  Newtonian  pressure.  Heating  rates 
were  computed  by  Eckert's  reference  enthalpy  method  (Ref.  33)  with  the 
characteristic  dimension  based  on  the  wetted  distance  from  the  nose  stagnation 
point.  The  reference  enthalpy  method  was  selected  in  preference  to  the  theory 
of  van  Driest  because  Eckert's  theory  has  been  shown  to  agree  well  with  wind 
tunnel  flat  plate  data  whereas  van  Driest 's  method  is  generally  low  in  compari¬ 
son.  All  flow  field  and  heating  rates  used  in  the  correlations  are  based  on 
thermodynamic  and  transport  properties  of  Nitrogen.  The  heating  data  for 
a  =  10  and  15  degrees  are  in  good  agreement  with  strip  theory.  The  data  for 
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q  =  20  degrees  are  apparently  affected  by  the  pressure  oscillations  shown  in 
Figure  273,  but  are  nevertheless  in  good  agreement  with  the  reference  enthalpy 
prediction  modified  for  outflow  according  to  a  semi -empirical  correction 
factor  proposed  by  Neumann  and  Refroe  (Ref.  10). 

(U)  Figure  288  shows  a  correlation  of  centerline  heating  data  from  a  NASA 
70-degree  sweep  slab  delta  wing  (Ref.  36)  tested  at  angles  of  attack  of 
10.5  and  15.5  degrees.  The  methods  used  for  flow  field  and  heating  rate 
prediction  are  identical  to  those  described  in  the  preceding  paragraph.  The 
data  are  in  good  agreement  with  theory  for  flow  distances  in  excess  of  five 
nose  radii.  Using  measured  pressure  distributions  (Figure  26  of  Ref.  36), 
the  reference  enthalpy  heating  rates  were  corrected  for  pressure  gradient  by 
the  method  of  Bertram  and  Feller  (Ref.  21).  The  correction,  however,  is 
less  than  12  percent  for  all  but  the  first  data  point  shown  in  Figure  288 
(s/R  «  1.4).  Because  of  the  large  heating  rate  gradients  in  this  region  of 
the  model,  conduction  correction  errors  could  be  the  major  contributor  to  the 
discrepancy  between  data  and  theory. 

(c)  Spanwise  heating  distributions  on  the  80  degree  delta  wing  at  angles  of 
attack  from  5  to  20  degrees  are  plotted  in  Figure  289.  At  zero  yaw,  heating 
rates  increase  in  the  spanwise  direction  with  the  heating  rates  at  the  most 
outboard  sensor  (y/Yt.ti  ~  0.74)  approximately  15  percent  higher  than  the 
centerline  values.  Heating  rates  at  y/Yt,f  =  0.74  increase  by  25-30  percent 
when  obe  vehicle  is  given  a  positive  five  degree  yaw,  and  decrease  by  a  like 
amount  for  a  negative  five  degree  yaw.  Centerline  heating  rates  increase 
by  10-20  percent  when  the  vehicle  is  yawed  five  degrees. 

(c)  Leeward  surface  centerline  heating  data  from  the  80-degree  slab  delta  wing 
tested  at  minus  five  and  minus  ten  degrees  are  compared  with  laminar  strip 
theory  in  Figures  290  and  291.  Local  flow  properties  are  based  on  an  isen- 
tropic  expansion  of  the  stagnation  point  properties  to  the  measured  pressure. 
Included  on  Figures  290  and  291  are  curves  representing  the  heating  distri¬ 
bution  when  laminar  strip  theory  is  corrected  for  pressure  gradient,  and  the 
heating  distribution  assuming  local  flow  properties  are  freestream  values. 

The  latter  was  included  only  for  reference  purposes  and  it  is  coincidental  that 
the  data  are  best  correlated  by  this  solution.  The  experimental  heating  rates 
are  also  in  fair  agreement  with  strip  theory  corrected  for  pressure  gradient. 

(u)  Leeward  surface  centerline  heating  data  from  a  NASA  70  degree  slab  delta 
wing  tested  at  Mach  9.6  at  angles  of  attack  of  5.2  and  10.5  (Ref.  36)  are 
compared  with  strip  theory  in  Figure  292.  Methods  for  evaluating  local  flow 
properties  and  correcting  for  pressure  gradients  are  identical  to  those 
described  above.  The  data  are  in  good  agreement  with  strip  theory  corrected 
for  pressure  gradient  effects,  following  the  same  general  trend  as  the  data 
from  the  80  degree  wing  tested  at  Mach  18.5. 

(c)  Figure  293  compares  upper  surface  centerline  heating  distributions  on  an 
AFFDL  high  l/d  configuration  (Ref.  16)  with  laminar  strip  theory.  The  local 
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flow  expansion  angles  were  four  and  nine  degrees.  Flow  properties  were  based 
on  an  isentrcpic  expansion  of  stagnation  point  properties  to  the  pressure 
given  by  Eq.  (4).  Strip  theory,  corrected  for  pressure  gradient,  is  con¬ 
sistently  higher  than  the  measured  heating  rates  by  from  45  to  70  percent. 

(c)  Leeward  surface  spanwise  heating  istributions  on  the  80-degree  delta 
wing  at  stations  9  and  12  are  plotted  in  Figure  294.  Several  of  the  data 
points  shown  were  obtained  by  fairing  a  curve  through  the  longitudinal  heating 
data  from  other  stations .  In  contrast  to  windward  surface  heating  distribu¬ 
tions,  the  leeward  surface  heating  rates  consistently  decrease  in  the  spanwise 
direction.  The  heating  rates  decrease  much  more  rapidly  than  the  pressure 
(Figure  283),  suggesting  that  the  dropoff  is  primarily  a  boundary  layer, 
rather  than  a  flow  field  phenomenon. 

3  (U)  CONCLUSIONS 

Significant  results  of  the  delta  wing  pressure  and  heating  data  correlations 
are  summarized  below: 


1.  (c)  For  angles  of  attack  of  15  degrees  or  more,  lower  surface  pressure 

data  are  in  good  agreement  with  Newtonian  theory,  although  minor 
pressure  variations  occur  due  to  bluntness  effects. 

2.  (c)  For  angles  of  attack  between  zero  and  five  degrees,  delta  wing 

lower  surface  pressures  can  be  approximated  by  adding  the  nose 
bluntnesr,  induced  pressure  to  the  Newtonian  pressure. 

3.  LUj  Pressure  distributions  on  the  leeward  surfaces  of  highly  swept 

delta  wings  are  correlated  by  a  parameter  based  on  blast  wave 
theory, 

4.  (c)  For  angles  of  attack  between  10  and  20  degrees,  lower  surface 

centerline  heating  data  are  in  good  agreement  with  strip  theory 
corrected  for  outflow,  with  local  flow  properties  based  on  an 
isentropic  expansion  of  the  stagnation  point  conditions  to  the 
Newtonian  pressure. 

5.  (u)  Leeward  surface  centerline  heating  data  for  flow  expansion  angles 

of  five  and  ten  degrees  are  in  fair  agreement  with  strip  theory 
corrected  for  pressure  gradient  with  local  flow  properties  based 
on  an  isentropic  expansic.i  from  the  stagnation  point  conditions. 
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APPENDIX  II 

(U)  THE  HEAT  CAPACITY  AND  DENSITY  OF  304  STAINLESS  STEEL 

(u)  During  preparation  for  the  wind  tunnel  tests,  a  purchase  order  was  issued 
to  Southern  Research  Institute  (SRI)  of  Birmingham,  Alabama  to  measure  the 
heat  capacity  and  density  of  the  304  stainless  steel  sheet  used  Lo  fabricate 
the  thin-skin  Tunnel  C  heat  transfer  model.  These  quantities  were  required 
for  data  reduction  and  experience  has  shown  that  considerable  deviations  in 
these  properties  may  occur  in  commercially  available  sheets.  The  SRI  final 
test  report  is  reproduced  in  this  Appendix. 
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THE  HEAT  CAPACITY  AND 
DENSITY  OF  304  STAINLESS  STEEL  SHEET 


INTRODUCTION 


This  is  the  fitvl  report  under  Purchase  Order  TK-3987-DDX  for  the 
determination  of  the  heat  capacity  of  304  stainless  steel  sheet  from  400°R 
to  1200°R  and  the  density  at  room  temperature.  Two  sheets  of  304 
stainless  steel  were  furnished  by  Micro  Craft,  Inc. ,  of  Tullahoma, 
Tennessee.  The  sheets  were  approximately  4  inches  x  12  inches  x  0.  049 
inch.  The  sheets  were  designated  "A"  and  "B, "  and  the  determinations 
were  made  with  specimens  from  each  sheet. 


HEAT  CAPACITY 


Apparatus  and  Procedure 

Heat  capacity  was  derived  from  the  slope  of  the  enthalpy  versus 
temperature  data  obtained  using  an  adiabatic  calorimeter.  The  adiabatic 
calorimeter,  described  in  the  Appendix,  was  used  to  measure  enthalpy  at 
specimen  temperatures  from  -64°F  (396°R)  to  747°F  (1207  °R).  The  heated 
(or  cooled)  specimen  was  dropped  into  a  thermally  guarded,  calibrated 
cup,  and  the  enthalpy  was  measured  as  a  function  of  the  temperature  change 
of  the  cup.  The  measurements  were  referenced  to  zero  enthalpy  at  85  °F 
using  a  linear  interpolation.  The  accuracy  of  the  adiabatic  calorimeter 
was  confirmed  by  making  calibration  determinations  using  synthetic  sapphire. 
The  overall  uncertainty  of  the  enthalpy  measurements  has  been  established 
previously  at  +  3%. 

The  heat  capacity  was  determined  graphically  from  the  slope  of  the 
enthalpy  versus  temperature  curve,  and  also  by  differentiating  an  equation 
for  enthalpy  ohtained  using  the  least  squares  method.  The  enthalpy  data 
were  first  fitted  to  an  equation  of  the  form 

h85  s  aT  +  bT2  +  cT“l  +  d  (1) 

The  derivative  of  this  equation  was  adjusted  to  agree  with  the  graphically 
determined  heat  capacity  at  a  selected  temperature  to  obtain  an  equation 
for  heat  capacity  of  the  form 
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HC  =  a  +  2bT  -c*T“2  (2) 

Temperatures  (T)  are  in  degrees  Rankine.  Values  determined  from  the 
equation  are  generally  valid  over  a  range  extending  from  about  100°F  from 
each  end  point  and  cannot  be  used  to  extrapolate  the  data. 

Data  and  Results 

Small  -|  inch  squares  were  cut  from  each  of  the  two  sheets  and  used 
as  heat  capacity  specimens.  From  two  to  five  pieces  were  used  to  obtain 
the  data,  with  the  number  of  pieces  selected  to  obtain  the  optimum  signal 
at  the  various  temperatures.  The  enthalpy  data  obtained  with  the  adiabatic 
calorimeter  are  given  in  Table  II- 1  and  Figure  II- 1. 

The  heat  capacity  of  the  material  was  determined  graphically  and 
from  the  derivative  of  the  equation  fitted  to  the  enthalpy  data.  A  curve  for 
heat  capacity  which  considered  both  the  graphical  and  analytical  solutions 
was  determined  and  is  shown  in  Figure  II- 1.  The  heat  capacity  increased! 
from  0.104  Btu/lb/°F  at  400°R  (-60°F)  to  about  0.120  Btu/lb/°F  at  660°R 
(200°F).  Above  this  temperature  the  heat  capacity  increased  slightly  with 
temperature  to  0.122  Btu/lb/°F  at  1200°R  (740°F). 

The  least  squares  treatment  of  the  enthalpy  data  resulted  in  the 
following  equation  for  the  enthalpy  of  the  material  above  an  85°F  reference 
from  about  400°R  to  1200°R.  The  temperatures  in  the  equation  are  in 
degrees  Rankine  _ _ 

h85  =  0. 1667  T  -  1823  x  10_8T2  +  8502  T"1  -  101.  3  (3) 


The  derivative  of  Equation  3  was  adjusted  to  agree  with  the  graphically 
determined  heat  capacity  at  150°F  (610°R)  to  obtain  the  following  equation 
for  heat  capacity 


HC  =  0.1667  -  3646  x  10-8T  -  9453  T-2  (4) 

Enthalpies  and  heat  capacities  calculated  with  Equations  3  and  4  are  plotted 
in  Figure  1 .  Equation  4  provides  a  good  definition  of  the  heat  capacity  from 
about  500°R  to  1000°R.  Outside  of  this  temperature  range  the  graphical 
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solutions,  which  were  higher,  were  given  more  weight  in  plotting  the 
curve  for  heat  capacity. 

The  heat  capacity  of  the  304  stainless  steel  sheet  is  compared  in 
Figure  II- 2  to  the  heat  capacities  for  several  other  stainless  steels  from 
various  literature  sources.  The  Metals  Handbook  and  Allegheny  Ludlum 
Steel  Corporation's  Stainless  Steel  Handbook  give  the  heat  capacity  of 
Type  304  and  several  other  stainless  steels  as  0.12  Btu/lb/°F  over  the 
temperature  range  from  32°F  to  212°F.  The  heat  capacities  of  Type 
AISI  301,  316,  and  347  stainless  steel  from  WADC-TR-58-476  are  also 
plotted  in  Figure  II-2.  These  data  increased  from  about  0.107  Btu/lb/°F 
at  500°R  (40°F)  to  from  0.120  to  0.125  Btu/lb/°F  at  800°R  (340°F)  and 
from  0.130  to  0.137  Btu/lb/°F  at  1200°R  (740°F). 


DENSITY 


Apparatus  and  Procedure 


Density  of  the  304  stainless  steel  sheet  was  determined  from  measure¬ 
ments  of  the  weights  of  samples  suspended  both  in  air  and  in  distilled  water. 

A  confirming  measurement  was  made  by  hand-lapping  a  small  square  of  the 
material  and  then  measuring  its  weight  and  volume  to  determine  density. 

The  following  procedure  was  used  to  determine  density  with  the  water 
displacement  technique.  Three  pieces  from  each  sheet,  which  were  used  in 
the  heat  capacity  determination,  were  weighed  together  using  an  analytical 
balance  sensitive  to  0.0001  gram.  The  pieces  were  about  f-  inch  square, 

0. 049  inch  thick,  and  each  had  a  small  hole  drilled  in  one  corner  for  the 
suspension  wire.  A  chromel  wire  of  0.  005  inch  diameter  was  inserted  through 
these  holes  and  used  to  suspend  the  specimens  in  air  from  the  beam  of  the 
balance.  The  three  pieces  and  the  wire  were  then  weighed  while  suspended 
in  air  and  also  while  suspended  slightly  below  the  surface  in  distilled  water. 
The  specimens  were  then  removed  from  the  wire  and  the  wire  alone  was 
weighed  in  air.  The  wire  was  then  weighed  with  the  same  portion  immersed 
in  water  as  before  when  used  to  suspend  the  three  specimens.  The  following 
calculation  was  then  used  to  determine  density: 

WaDw 

Specific  Gravity  =  Wa  -  Ww  +  Ws 
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where 

Wa  =  weight  of  specimen  in  air,  grams 

Ww  ■  weight  of  specimen  and  support  wire  with  all  of  specimen 
and  part  of  wire  immersed  in  distilled  water,  grams 

Ws  *  weight  of  wire  with  part  immersed  in  distilled  water,  grams 

Dw  ■  specific  gravity  of  water  at  room  temperature 


Density  was  determined  from  the  specific  gravity  by  multiplying  by 
0. 9975  to  account  for  the  buoyancy  of  air  in  accordance  with  ASTM  test 
methods. 


Data  and  Results 

Three  of  the  -j  inch  squares  of  the  304  stainless  steel  sheet  were 
used  in  the  density  determinations  on  each  sheet.  The  following  data  and 
calculations  were  for  the  specimens  from  Sheets  A  and  B. 


Wa 

Ww 

Ws 

Temperature 

Dw 


Sheet  A 


11. 1681  grams 
9.  7765  grams 
0. 0203  grams 
24°C 
0. 9997 


Sheet  B 


11.  3305  grams 
9. 9200  grams 
0. 0203  grams 
24°C 
0. 9997 


For  Sheet  A, 


S.G. 


11.1681  x  0.9997 
11.1681  -  9.7765  +  0.0203 


7. 9076 


Density  =  7.9076  x  0.9975  *  7.888  gm/cc 
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For  Sheet  B, 

11.3305  x0.9997 

S,G‘  *  11.3305  -  9.9200  +  0.0203  *  7,9166 


Density  =  7. 9166  x  0.  9975  =  7.  897  gm  /cc 

One  piece  from  Sheet  A  was  machined  to  ■§■  inch  by  ■§  inch.  The  eight 
surfaces  were  then  hand- lapped  to  remove  all  rough  or  rounded  edges.  The 
piece  was  weighed  using  the  analytical  balance,  and  the  dimensions  were 
measured  with  a  micrometer.  The  weight  was  3.  5346  grams  and  the 
dimensions  were  0. 0490  inch  by  0.  7491  inch  by  0.  7452  inch.  The  density 
calculated  with  these  data  was  7.  886  gm/cc. 

The  difference  between  the  densities  of  the  two  sheets  from  the  water 
displacement  method  was  less  than  0. 12  percent,  and  the  maximum  difference 
between  the  largest  and  smallest  measurement  was  about  0.14  percent.  The 
average  of  the  three  densities  determined  was  7.  89  grams  per  cubic  centimeter. 
Most  literature  sources  give  7. 9  grams  per  cubic  centimeter  for  the  density 
of  304  stainless  steel. 
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Figure  II- 1.  The  Enthalpy  and  Heat  Capacity  of  304  Stainless  Steel 
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The  Enthalpy  of  304  Stainless  Steel  Sheet 


UNCLASSIFIED 


Enthalpy 
Above  85*F 
Reference 
Btu/lb 

COtONAH  ottO  tO  O  O  d'  CO  H  ffl 

•••••  «  0  •  •••*,, 
ooc-co^c*  coco  in  o  vh  co  o>  co  <o 

H  co  m  C*  ID  C—  H  C9  IA  C*  f*  00 

Enthalpy 

h*w^*  ^  **"**) 

Btu/lb 

to  o  co  «  h  in  cm  cm  cn  >-i  ■v*  t-  to  oo 

•  •••*••  «•••••• 

to  os  co  ■V*  tc-  co  05  d1  O  h  n  ®  m  w 

*h  co  in  t>  to  t-  h  h  t*)  trt  t- 1>  to 

i  i 

Final 
Wt.  of 
Sample 
gm 

18. 5901 
18. 5900 
18.5892 
11.0790 
7. 3379 

7. 3382 
7. 3387 

19.1702 
19. 1698 
19.1685 
11.5749 
7.7511 
7. 7508 
7. 7448 

Initial 
Wt.  of 
Sample 
gm 

18.5895 
18.5901 
18. 5900 
11.0795 
7.3385 
7. 3379 
7. 3382 

19. 1700 
19.1702 
19.1702 
11.5755 
7.7508 
7. 7495 
7. 7251 

Time 

to 

Temp. 

Min 

o  o  o  in  in  o  o  ©  ©  ©  m  m  o  o 

eo  co  co  «o  «  eo  co  co  co  eo  eo  eo 

Initial 

Sample 

Temp. 

*F(ts) 

o  in 

e>  •>*  co  £«  ©  d1'  to  o  rj  t-  n  to 

to  in  to  co  to  to  in  eo  V  o  o 

i  Hcoint-  tot*  t  h  to  in  c-  to  oo 

Change 
in  Cup 
Temp. 

•F 

t-  ©  CO  O  ©  t-  CO  tt  CO  lO  CO  CO  4*  N 

totjiNOf  hoo  coto  a  th  h  c-  m 

cvi  v-J  in  in  rr  ^  ^  csi  rf  in  in  in 

i  i 

Final 

Cup 

Temp. 

•F(t,) 

co  co  in  co  o  co  cj  cj  in  co  o  ci  o>  co 

oo  in  co  t-  oo  in  n  h  t-  w  q  h 

h  ci  os  h  oo  o  CP  HTf  ^  io  io 

t*-C'-C'-COCO  0000  _  t-  c-  oo  oo  oo  oo 

0)  qJ 

<u  S 

Initial 

Cup 

Temp. 

_ m 

_  Oconcoo  mo  m  oo  cm  oo  c-  ©  tn 

goottocootot*  g  ^ooHioeonto 

2  VrtVOOVIO  P  CO  CM  oi  o  O  to  00 

•nt-r-c-c-cooor*  ,J<t-t-c-Qoooc-co 

w  w 

<U  <p 

Spec. 

and 

Run 

No. 

O*  Q, 

g  h  N  co  tf  in  to  c-  g^-ieMeotfincot- 

*  S  «  S 

m3  co  “ 

K  « 

* 


t 


e 

u 

<u 

+» 

0) 

•o 


0) 

a 

bo 

a 


•o 

o> 


M 

aj 


&  J? 


n 

in 

to 

CM 

o 

c 


<d 

h 

0) 

a 

E 

V 

+-> 

§■ 

o 


-a 

A 
' —  0) 
*>  > 

§  JO 

E  14 

O  Q. 

°’3 

®  ** 

*»  c 

4) 


0> 

E 

* 

o 

'S  V 
V  0) 

.  a 
<  to 


a 

a> 

E 


in 

oo 


o 

4) 


cd 

4> 

a 

E 

a> 

+> 

4) 

to 

at 

£> 

8 

E 

E 

8 


s 

at  £ 
o  j* 
**  o 
TJ  a 
a>  >7 

«-S 

«  h 

u  S 

to  % 
at  £ 

•S  3 

tl 

f| 

W  5 


in 

00 


x 

n 

10 

j? 


m 

<u 

"o 

2 


* 


* 


58 

UNCLASSIFIED 


UNCLASSIFIED 


ADDENDUM  TO  SRI  FINAL  REPORT 

HEAT  CAPACITY  TO  1000°F 

The  heat  capacity  to  1000°F  is  determined  from  data  obtained  in  an 
adiabatic  calorimeter.  In  this  apparatus  the  heated  specimen  is  dropped  into 
a  thermally  guarded,  calibrated  cup,  and  the  enthalpy  is  measured  as  a 
function  of  the  increase  in  temperature  of  the  cup.  The  heat  capacity  is  the 
slope  of  the  enthalpy  versus  temperature  curve.  A  picture  of  the  apparatus 
is  shown  in  Figure  II- 3. 

A  tubular  furnace  and  a  cold  box  are  used  to  bring  the  specimens  to 
temperature.  By  pivoting  this  equipment  on  a  common  post  near  the  calori¬ 
meter,  the  samples  are  transferred  to  a  position  directly  over  the  calorimeter 
cup.  At  this  position  the  specimen  is  -'eleased  from  a  suspension  assembly 
that  is  triggered  externally.  Thermocouples  located  near  the  specimen  are 
used  to  measure  specimen  temperature.  The  normal  specimen  size  is  about 
1"  x  1"  x  1". 

Elevated  specimen  temperatures  are  maintained  by  a  manual  setting  of 
a  variable  voltage  transformer,  which  controls  the  power  input  to  the  furnace. 
Cold  sample  temperatures  are  obtained  by  filling,  the  cold  box  with  dry  ice  and, 
when  required,  injecting  liquid  nitrogen  vapors.  The  cold  box  consists  of  two 
concentric  cylinders  enclosed  in  a  housing.  The  smaller  cylinder  (3"  diameter 
by  16"  high)  is  constructed  of  *■"  mesh  hardware  cloth.  The  larger  cylinder  is 
made  of  galvanized  sheet  metal  (15"  diameter  and  16"  high).  The  annulus  is 
partially  filled  with  dry  ice. 

Specimens  of  the  materials  are  heated  or  cooled  to  the  desired  tempera¬ 
ture,  and  following  a  stabilization  period,  are  dropped  into  the  calorimeter 
cup.  Adiabatic  conditions  are  maintained  during  each  run  by  manually 
adjusting  the  cup  guard  bath  temperature. 

The  covered  cup  of  the  drop-type  adiabatic  calorimeter  is  approximately 
2^."  in  diameter  by  2"  deep.  Three  thermocouple  wells  are  located  in  the 
bottom  wall  of  the  cup.  The  cup  is  mounted  on  cork  supports,  which  rest  in 
a  silver-plated  copper  jacket.  The  jacket  is  immersed  in  a  bath  of  ethylene 
glycol  which  is  maintained  at  the  temperature  of  the  cup  by  means  of  a  heater 
and  copper  cooling  coils  immersed  in  the  liquid.  Chilled  trichloroethylene  is 
circulated  through  the  coils  to  cool  the  bath  below  ambient  temperature  when 
cold  enthalpy  measurements  are  made.  A  double -bladed  stirrer  maintains 
uniform  bath  temperature. 
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In  the  calorimeter  six  copper-constantan  thermocouples,  differentially 
connected  between  calorimeter  cup  and  jacket,  indicate  temperature  differ¬ 
ence  between  cup  and  bath.  The  six  thermocouples  enable  a  difference  of 
0.03°F  to  be  detected.  This  difference  is  maintained  to  within  0.15*F.  During 
the  runs,  absolute  temperature  measurements  of  the  cup  are  determined  by 
means  of  the  three  thermocouple  junctions,  series  connected,  in  the  bottom  of 
the  calorimeter  cup.  All  of  the  thermocouple  readings  are  taken  with  instru¬ 
ments  which  permit  readout  to  within  0.  l*Fj  however,  the  system  uncertainty 
is  about  0. 5*F. 

The  enthalpy  of  the  specimen  at  any  initial  temperature  is  calculated  from 
the  following  equation: 

K 

h  =  w  (t,  -  tx)  (1) 

s 

where 

h  =  enthalpy  above  t2 
K  =  calorimeter  constant,  0.2654  Btu/*F 
Ws  =  sample  weight  in  lbs 
tx  =  initial  cup  temperature  in  °F 
t2  =  final  cup  temperature  in  *F 

The  calorimeter  constant  of  0.2654  Btu/*F  was  determined  by  measuring  the 
enthalpy  of  an  electrolytic  copper  specimen  of  known  specific  heat. 

The  enthalpy  is  referred  to  a  common  base  temperature  of  85*F  using 
the  following  linear  interpolation: 

h  _h  ft.  -  85) 

h“  "  h  ft,  -  t’)  ®> 

where 


hjs  =  enthalpy  above  the  reference  temperature  of  85®F  in  Btu/lb 
tj  =  initial  sample  temperature  in  °F 

The  base  of  85°F  is  used  because  this  is  usually  near  the  actual  final  cup 
temperature. 
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The  enthalpy-temperature  curve  established  is  used  to  determine  heat 
capacity  (specific  heat)  by  measuring  its  slope  at  different  temperatures. 
This  is  done  both  graphically  and  by  analytical  methods  which  first  fit  the 
enthalpy  data  to  an  equation  of  the  following  type: 

h85  =  aT  +  bTa  +  cT -1  +  d  (3) 

The  temperature  (T)  employed  usually  is  in  degrees  Rankine.  While  this 
equation  may  not  provide  the  best  definition  of  the  enthalpy  data  over  the 
entire  temperature  range,  it  does  anticipate  the  theoretical  behavior  and 
is  consistent  with  methods  recommended  in  WADC  TR  57-308  and  by  K.  K. 
Kelley.1  The  derivative  of  this  equation,  the  heat  capacity,  is  used  with 
the  constant  "c"  adjusted  so  that  the  analytical  solution  agrees  with  the 
value  determined  graphically  at  150°F.  This  technique  is  similar  to  that 
of  Kelley  in  forcing  the  heat  capacity  equation  through  a  known  value. 

The  equations  are  developed  using  a  digital  computer. 

The  accuracy  of  the  apparatus  has  been  confirmed  by  measuring  the 
enthalpy  of  sapphire  and  other  standard  specimens  and  comparing  the 
results  to  literature  values.  The  results  of  the  comparison  on  sapphire 
are  shown  in  Table II- 2.  From  these  and  other  data  the  overall  uncertainty 
of  the  apparatus  was  established  at  +  3%. 


1.  Kelley,  K.  K. ,  "Contributions  to  Data  on  Theoretical  Metallurgy, " 

Vol.  XIII  High  Temperature  Heat  Content,  Heat  Capacity,  and  Enthalpy 
Data  for  Elements  and  Inorganic  Compounds,  Bulletin  584,  U.  S.  Bureau 
of  Mines,  Nov.  1958. 
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Figure  II-3.  Heat  Capacity  Apparatus 
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FIGURE  5  (U)  CORRELATION  OF  CENTERLINE  HEATING  DATA  ON  AN  ELLIPTIC  CONE  (ASD  MODEL  W3) 
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FIGURE  9  (U)  AEROTHEEMODYNAMIC  CONFIGURATION  PARAMETERS 
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FIGURE  25  (U)  20-INCH  THIN  SKIN  HEAT  TRANSFER  MODEL  FOR  TUNNEL  C 
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NOTE  : 

1.  AIL  T/C  LOCATIONS  ARE  DIMENSIONED 
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2.  DIMENSIONS  AT  STA.  10,1  ALSO  APPLY  TO 
STA.  3.03 , G.OG  AND  B.08 

3.  ALL  T/C  ARE  ON  RIGHT  SIDE  OF  MODEL 

4.  T/C  LOCATIONS  ON  AFT  LOWER  COMPRESSION 
SURFACE  ARC  DIMENSIONED  FROM  LEADING 
EDGE  TANGENCT  POINT 
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FIGURE  26  (U)  TUNNEL  C  HEAT  TRANSFER  MODEL 

INSTRUMENTATION  LOCATIONS 
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FIGURE  27  (U)  20-INCH  ALUMINUM  PRESSURE/HEAT  TRANSFER  MODEL 

FOR  TUNNEL  F  (PRESSURE  PLUGS  INSTALLED) 
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FIGURE  28  (U)  TUNNEL  F  PRESSURE/HEAT  TRANSFER 

MODEL  INSTRUMENTATION  LOCATIONS 
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FIGURE  32  (U>  TUNNEL  C  LOWER  SURFACE  CENTERLINE  PRESSURES,  3=1+ 
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FIGURE  33  (U)  TUNNEL  C  LOWER  SURFACE  CENTERLINE  PRESSURES,  0=6 
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FIGURE  37  (U)  TUNNEL  F  LOWER  SURFACE  CENTERLINE  PRESSURES,  0=6 
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FIGURE  39  (U)  COMPARISON  OF  APT  LOWER  SURFACE  CENTERLINE  PRESSURES 
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FIGURE  40  (u)  TUNNEL  C  LOWER  SURFACE  SPANWISE  PRESSURES  AT/X  L  =  0.30,  (3=0 
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FIGURE  42  (u)  TUNNEL  C  LOWER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =0.30,  p=2 
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FIGURE  46  (U)  TUNKEL  F  LOWER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.30,  (3-- 
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FIGURE  55  (u)  TUNNEL  F  LOWER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.50,  p=0 
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FIGURE  60  (U)  EFFECT  OF  YAW  OH  LOWER  SURFACE  PRESSURES  AT  X/L  =  0.50 
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FIGURE  6l  (U)  TUMEL  C  LOWER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.75,  P=0 
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FIGURE  71  (U)  TUNNEL  F  LOWER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.96,  0=0 
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FIGURE  74  (U)  TUNNEL  F  I.OEER  SURFACE  SPMWISE  PRESSURES  AT  X/L  =  0.96,  p=4 
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FIGURE  75  (U)  TUNNEL  F  LOWER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =0.96  p=6 
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FIGURE  76  (U)  EFFECT  OF  YAW  OK  LOWER  SURFACE  PRESSURES  AT  X/L  =  O.96 
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FIGURE  77  (C)  TUNNEL  C  AFT  LOWER  COMPRESSION  SURFACE  PRESSURE 

VERSUS  ANGLE  OF  ATTACK 
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FIGURE  81  (U)  TUNNEL  C  UPPER  SURFACE  CENTERLINE  PRESSURES,  (3=2 
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FIGURE  83  (u)  TUMEL  C  UPPER  SURFACE  CENTERLINE  PRESSURES,  p =6 
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FIGURE  86  (U)  TUNNEL  F  UPPER  SURFACE  CENTERLIKE  PRESSURES,  p=2 
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FIGURE  87  (U)  TUNNEL  F  UPPER  SURFACE  CENTERLINE  PRESSURES,  (3=4 
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FIGURE  94  (U)  TUNNEL  F  UPPER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.30,  p=0 
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FIGURE  95  (U)  TUMEL  F  UPPER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.30,  p=-2 
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FIGURE  9 6  (U)  TUNNEL  F  UPPER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.30,  p 
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FIGURE  97  (U)  TUMEL  F  UPPER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.30,  p=4 


175 


CONFIDENTIAL 


CONFIDENTIAL 


CONFIDENTIAL 


CONFIDENTIAL 


CONFIDENTIAL 


CONFIDENTIAL 


CONFIDENTIAL 


FIGURE  105  (u)  TUMEL  F  UPPER  SURFACE  SPAKWISE  PRESSURES  AT  X/L  =  0.50,  0=-2 
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FIGURE  10b  (U)  TUNNEL  F  UPPER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.50,  p=2 
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FIGURE  112  (U)  TUNNEL  C  UPPER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.75, 


p=2 
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115  (u)  TUNNEL  C  UPPER  SURFACE  SPAHWISE  PRESSURES  AT  X/L  =  0 .96, 
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FIGUEE  116  (u)  TUMEL  C  UPPER  SURFACE  SPAMISE  PRESSURES  AT  X/L  =  0.9 6,  (3=-2 
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FIGURE  IPO  (U)  TUNNEL  F  UPPER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  0.96,  p=0 
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FIGURE  122  (U)  TUMEL  F  UPPER  SURFACE  SPAIWISE  PRESSURES  AT  X/L  =  0.96, 
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FIGURE  :23  (U)  TUNNEL  F  UPPER  SURFACE  SPANWISE  PRESSURES  AT  X/L  =  O.96,  /3  =  4 
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FIGURE  124  (U)  TUIINEL  F  UPPER  SURFACE  SPAIWISE  PRESSURES  AT  X/L  =  0.9 6,/?=  6 
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FIGURE  125  (U)  EFFECT  OF  YAW  ON  UPPER  SURFACE  PRESSURES  AT  X/L  =0.96 
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FIGURE  126  (U)  COMPARISON  OF  UPPER  SURFACE  CENTERLINE  PRESSURES  FROM 

THREE  SOURCES 
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FIGURE  127  (U)  CORRELATION  OF  TUNNEL  C  UPPER  SURFACE  CENTERLINE  PRESSURES 
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FIGURE  129  (U)  CORRELATION  OF  TUNNEL  C  UPPER  SURFACE  SPANWISE  PRESSURES 

AT  X/L  =  0.30 
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FIGURE  130  (u)  (CONCLUDED)  CORRELATION  OF  TUNNEL  C  UPPER  SURFACE 

SPANWISE  PRESSURES  AT  X/L  =  0.50 
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FIGURE  131  (u)  CORRELATION  OF  TUNNEL  F  UPPER  SURFACE  SPANWISE  PRESSURES 

AT  X/L  =  0.30 
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FIGURE  132  (U)  CORRELATION  OF  TUNNEL  F  UPPER  SURFACE  SPANWISE  PRESSURES 

AT  X/L  =  0.50 
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FIGURE  137  (u)  TUNNEL  C  LOWER  SURFACE  CENTERLINE  HEATING  RATES,  (3=2 
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FIGURE  139  (U)  TUNNEL  C  LOWER  SURFACE  CENTERLINE  HEATING  RATES,  (3=6 
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FIGURE  141  (U)  TUNNEL  F  LOWER  SURFACE  CENTERLINE  HEATING  RATES,  p=0 
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FIGURE  142  (U)  TUNNEL  F  LOWER  SURFACE  CENTERLINE  HEATING  RATES,  p*-2 
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FIGURE  149  (TJ)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

x/l  =  0.30,  p=4 
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FIGURE  150  (U)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  tr  0.30,  p =6 
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FIGURE  153  (U)  TUNNEL  F  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  n  0.30,  p=-2 
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FIGURE  155  (U)  TUMEL  F  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  =  0.30,  p=4 
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FIGURE  156  (U)  TUMEL  F  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  =  0.30,  |3 =6 


237 


CONFIDENTIAL 


CONFIDENTIAL 


238 

CONFIDENTIAL 


CONFIDENTIAL 


2l40 

CONFIDENTIAL 


CONFIDENTIAL 


FIGURE  160  (u)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 
X/L  =  o.4o,  p-b 
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FIGURE  l6l  (U)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

x/l  =  0A0,  p=6 
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FIGURE  162  (U)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  «=  o.4o,  p=o 
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FIGURE  164  (U)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 
X/L  =  T.fC,  p=-2 
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165  (u)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  «  0.50,  P=2 
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FIGURE  167  (u)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 
x/l  =  0.50,  p =6 
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FIGURE  169  (u)  TUMEL  F  LOWER  SURFACE  SPAEWISE  HEATING  RATES  AT 

X/L  =  0.50,  p=o 
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FIGURE  173  (U)  TUNNEL  F  IOWER  SURFACE  SPANWISE  HEATING  RATES  AT 
X/L  =  0.50,  p=6 
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FIGURE  Ufh  (C)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 
X/L  =  0.75,  P  =  0 
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FIGURE  175  (U)  TUNNEL  C  IOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  =  0.75,  p=-2 
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FIGURE  178  (U)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  =  0.75,  M 
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FIGURE  179  (U)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 
X/L  =  0.75,  P=0 
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FIGURE  l8l  (U)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 
X/L  =  0.96,  (3=-2 
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FIGURE  183  (U)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  =  O.96,  p=4 
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FIGURE  184  (u)  TUNNEL  C  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  =  0.96,  p=6 

265 

CONFIDENTIAL 


IlMII 


CONFIDENTIAL 


FIGURE  189  (U)  TUNNEL  F  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

x/L  =  0.96,  p=4 
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FIGURE  190  (u)  TUNNEL  F  LOWER  SURFACE  SPANWISE  HEATING  RATES  AT 

X/L  =  0.96,  p=6 


271 

CONFIDENTIAL 


•  •"22 222*2 XZ2ZCCZZ  -■ 22*2222 *2222 22222 5522Z ZZZZZX222* 2ZZZ2222Z2 2222* ZZZZ* 22222 •••••2222* 2222*  " "  -•*****2*XZ2ZZ*Z_ — 

•  ..j.. ••••*•••••••.  *••••••»*-*•«•••%*••*•***«*••******•••****•**•••••••••*£**** ~ ~ *^^ ************** ■  - ■ ■  ^  _**•*•**•• •■*••***•• 1 

222222*222 22222222  2222222* 222 2.' 22 22222 2S222 52222 22222 22222 2222252222 2222IK22* 2222222222 222"'  ••222222  22222222222222222 

«•■•• ■*•*• •** •* ft  •  *  * _ *•••*•• • • ■»  r - ••••*•• ■•»•••••****••*■••••••**•»•*••■***«*•*■  *•*••■**■ *  .  _•**••**•*••••••••*••*••••* — 

2**22 2*22" •• 222 *222* "2*2 •••••• ***** ••••j •*•••••••• •2*2**"*** •**22"2*2* *2*2**222 * ' 2222222**  ■■ ■  ■  ■  • *  ■ .  - •  j******»*^>* ■■«**•••*■ 22222*222* j 

•22 22 •• 222 3 ■ 22 2 * 22.  ^ « 222 ■ •* • !* *  1  * •• 222 2* * * 222 22222 J2S22 ■ 3S • 2 22 222 2222 • • «■ 22 ••••  *2222*  -  -  .  - • •  ',**2222l2222222*2 ■2222 22222 2222! 22221 1 

■*“■>•••••••*•■•«•••••••-»  •  >.*-•••■■•■••••••••••  ••■••&••••••••••••••■•••■•••■'  •••••**»a ••••••••*• •••■■••••■  •■*•*•• —  ■ 

•■•••••■••••■••••-•ft •• ~ *•■••■•••■■••■•••••■••••••••• a •••••• ■■*••••■ ••  •  /  •  •  •  *  jj* •  .••■••••••••••••••••••■■■■■■••■■■•••a* 


»•■*■*•**• •  •••••••! 

- - ___ - ___- _ww„ - - - — -  ___ .jftftiMIHttMMftftftftMftl.. - - 

I  ••••22* 22* 23222 222 •**■••*•"'?*  *******2*222222 22* 22 2222 2 2222 2 22222*2222 22 2 22 2 22* 

»««••«>  ■■■••■• • •  *  i ••• ■ ■■•••■ ■••••«•#••*■■••••■■•■•■ • • •••■•■■■ ■■•• 

ifftftftfti  *••••■•■*■■ . . .  . . •■•■••■if •■»•■••- 

- •■•■•■■■'■•  <-i  •••■•••  •••■•••••■  •••••■•••  - —  - ■ 

ia •  ■••••••■■•■••MM  •••■■■■■■ 


>••■■••••■••< 


■  ••••••••■•n 


:::::::::::::::::::::  aaaa aaaaaaaaa. 

jiaiftimuiaaaiiMfttiatfaf - 

■  •aiiaaaaaaMaatiiiMiiiiit 

- 


_  _  - - - _____ - ft#^ _- 

a  •■■■•  aaaa  naia  •■■••■•■••('  ••■< 
lUMiiMiiiaiiiaiiiiiaiiuaaiiuiaiiiiiaiimiiiaiiiMUff.aiia 
■  ataaa (aaaaaaaaa aaaa* aaaa ■>■■■!(■ aaa iaa ai taaa ■ ■ aaaa «>. 
liiiiiiiiiiiiiiitmiiiiiaaiiiiiiiiiiiniiiiiinNiiiiMitM  .tjj, 


■ aaaa •  •••- 
aiaaiaaai a* 

•aaaaft'-'  .’.mrr 

aaa>  .ftft  /ai.i/ 


-••••  ■•••*•**•«  ••••••■••■!_ 

•ftaaft* •■•••■••■• ••■■• •■■■a «ai 
■  .  r  i  .  •«■  aa  •••  ••■  a  aa  a  aaaa  aai . 

•aaaaaaaaaaaaaaaaaaaaaaaaaaaaaa9ai 
••  aftiaiiftiM  atiftaftHM )•*■■■■■■•  ••■! 

’/-'•aaaa!  aaaa  a  aaaa!  aaaa  a  aaaa  a  aaaa!  SaaSa  aaaaaaaiia  aiiaiiaiaal 
•aaaaaak aaaa ■ aaaa* a aaaa a aaaa asaat aaaa aaaa aaaaaaa aaaaaaaaa*1 
—laaaiaaaaaaaaaaaaaaaaai aaaaa aaaaaaaaai trtar - 


aaaaaaaaa 

i  aaaaaaaaai 


..aaaaaaaaa# 
a  aaaaa  aaaaa | 

333! 


SiinmaoM 

■  ■Maaaia*' 


■jjvrrr 


ia a a aaaa a  a aaaaiaaaa aaaaa aaaaaaaaai 
•  aaa  aaaaa aaaai aaaaa aaaaa aaaaa aaaaa aaaaa aaaaft - *aaaa aaaaaaaaai  I 
.«>■■■  aaaaa  a  aaaa  aaaaaaaaa  aaaa  aaaa  aaaa  ■•••((  aaaa  aaaaa 

i<**0'-  .'-aaaaaaa  liaaaiacaa  aaaaa  aaaaa  aaaaa  aaaaa  "I.,  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa 
.aaaaaaaaa  laiMaaua  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaiiBiaa 

. .  a aaaaa aaaaa aaaaa aaaaa aaa aa aaaa ■ • -a aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa • aaaa I 

ai,  a, ,,,  a,,, a, maaa,,  a, >„■■■,< 


•aiaiiiaBitaiaaiaaiiiiitiitiBitfiaiiaaift. a*-  •aia>ia«m>iaiBaMaati«»r*aaaiiBMiitMBtitiiiMiiiiiiiiiiiii«mMMi>a  mil 

laaaiiaaaa  aaaaa  iiiii  iipiiiaiiiiMaiim^  aaaiiaai’  *^o  j.^’-aaBiiHai  inti  aim  aMt.BaiiiiiiaBiiaaimiaiaaiMiaiiiiiai  Manama  iaaaa  aaaai 
aaaaaaBBBBBaaaaaaBaaaafiafliaaaaaaaaBBa'ft1  •iiiiai»'."v.»?^  aaaaaaaaBa  aaaaa  aaa»:«  am  aaaaa  aiaiaaaaaa  aaaaa  aaaaa  aaaaaBaBBaBiBiaaaBBa  aaaaa  aaaaa 
itaaiaaaaiaaaimiiiiiiaiiiiaiim«:aia:'.iiiii’r/'.'>:'.v.‘:.mimaiiiBitaii’:«ii''iiiiammiammiiaamaaiiaiimitiiiimmBiBamaiai 


lllll 
I  till 


iHMu!?^krSnui!MMr^miiSiRM^6s»y'>!!HmRi|n%aHnnnMnM»!HHnn7jnuumiiinn!inmniiiiiimiii!iii!!ir 


i»:.«n 

min 


■■■■■BaBBiijiniin'iaBBaaMiiiRMaaaRaaaRiaaipaiMaHaaiaRaaaRRBaaHMaaaii 

lwMM||MMMMMMMMMM|iiir  .iiin>:>HiiiiiiiiMiiiHiliiiiiiiiMHiniiiiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiia 


|iiiiiiiniimniMin»inini>»>'"i«ii»:;<Hiiinimnimminmiiii 
liiinniiiiiiii,;*iiiiiiiiiiii*---.'.t« 


Hii>  pw;,'.m’:«iiiiiiiniiiiHiiiiiiiiniuuii  i 

■mmbbto  iiaiiiaiaa  mmbmmumbbmbmi 

-  »aaai;KMB 

* '*im  aaaaaiSaaa 


■i^^Miiaar*Hu<iiMMit'  .nr  luiininiaiimaiiitiimaiiiiini 

I  iSSaaia'U  Sl|a£|a|fti|u2a2MMMaHLaMMHMSSaSiHBBa&aaaaaaaaaaaaaaaa 
|aaaaa(|Sn 

| Ria«aar.cc  Hi 

Liiii^srsss] 


mu  inn  uni  mu 

^  WiimmugiH  iiii  iiiiiiiin iiamiiii minim 
i Hljif v  iinfiiiiiiiiSiii  iiiiimiiiiiniiiiniiiiiiiiiHiii 


amiai'--  -  aiaiaauiaaa  iiiaaisaaaaaaaaaaBaaBBaBaiaiiaiaiiaiaiaiiiiiBiiaaiiiiaimaiiaiiiiiaiiaaiaiaBinBaiaiiiiagaaiBiaiaii 
■■■BBiSf ;  c  .aaafl iBiaviiBBi auaBiaaai laaaaaaiBi iiBBaiiaii iaaai itaai laBBaiaaBi BaBiiaaaat BBBiiBaiiaiaBBtaBBiBmiiiBiciBBiiaiaiBBl 


aaiiaaiiaaii aaiiaiaiti laaia lain ibbiiibibi 
il  minim  iiiiiiiiiiaiiiimiiimiBiiii 
iiniiiniiiniiiiiiiiSiiiiniiiniiiiiliM 


luihiiiiiiimiiiiKiiiiiiiiiiiiiiiiiiiHiiiiiiiiiiiiiiiiiiii 

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiin 


•amiammaanauftJ 
ffVf  aaaaa  aaaaa  aaaaaaaaa*  maVHilHVliVn 

iai aaaaaaaaai aaa . a aaaaa aaaaa aaaaa aj 

mil  aaaaa  mbi*  naiiaaia|f|aa|||a|MM|iaj 

JHI  anaaaaaaaaaia 
ibbb  aaaaa iaaaa  aaaaa aaaaaiaaaa •■sal aBaaaartiiiiiii aiiii iiiia iiaii liaii ; 
.an  aaaai  Man  aaaaa  aaaaaaaaai  aaaa  a  aaaaa  laiBa  aaaaa  aiaaBiaaai  iMaa  aaaaa 
miH  aaaaa  aaaaa  a  aaaa  aaaa  a  aaaaa  aaaaa  aaaaa  aaaia  aaaaaaaaBa  aaaaa  aaaia  i 
a  a  i  iiiia  a  a  a  a  a  i  a  a  aa  aaaa  a  aa  a  a  a  a  aa  ■  a  aa  a  a  a  a  aaa  a  aai||aiaiHiiiM|||i 


U  Mala  aaaaa  aaaaa  aaaaa  Miaamia  aaaaaiaaaa 
araaiiaasaa aaaaa aiaaaaaaasaaaaaaaaasaBaaa 
Hililla  iiiii  taaia  aaaaa  aiaaa  aaaMaaaaa  aaaaa  aaaaa 
■iaaaaaaaaaaaasaaa aaaaaiaaaa Biaaaaaaaaaaaaiiaati 
laSaaaaaa aaaaa aaaaa BafiBaaaaaaaaaBiaaaaaaaBBBaaal' 
ia«a  aiaaa aaaaa a  aaaa  aaaaa  aaaaa aiaaa iiaaa  aaaaa aaaaa ! 


mn  inn  iiii  n  in  mi 


nail  minaiaii'-  ^iiuaianai 

Hill  IlfSKIIIIE'  <<S  HI  lllll  H| 

mu  m  mn' 

mu  miiii'  v^^.ininmni 

mm  |ii^  »  ( jHimmi 

■Hr  jf;.w5jjj  H 


Humiimiiiimiimiimimiiniiiimiim 
■HHHHHHMMMiiiiiiniiiiininiinniiniimnnanniinnii 
niHiii  nuimii  lutfinn  miiiiiu  uni  inn  iiiinini  ininini  mu  mil 


I aaaaa  aaaaa  aaaaat 


a aaaaaaaaai 


■  ■aaaaaaaaa 

I 

■  aaaaa  aaaaa  aaaaa  aaaaa  ai 
I aaaaaaaaajaaaaaaaiaaai 
baaaaaMMpaBaBaiaaaai 


Vaaaaaa  aaaaa  imm  BBfaaBaaaiaaaaaaaaaaBBBaaaaaSaallllvv^. 
imimHm1  Iaaaa  ai  jaa  aaaa*  aaaaa  aaaaa  HaiMMUaMiaaMMaai 


aaaaaaaiBBaBBBaaaaJ ai 
apia aaaaa aaaaa aafeajai 

MMM|au*||||iin  ■  i 


aaaaa  aaaaa  Iaaaa  aai! 

•••••  aaaaccft^H 

I  Iaaaa  aaaaa  aaaaaaaaai  aaaa  aaaaaa  BBiiiiaiaasiainiiai  aaaaa  aaaaa  _ _ 

_ IHaaaa  aaaaa  aaaaa  aaaaa  aaaia  aaaa*  aaaaa  aaaaa  a  a  aaa  iaaaa  Baaai  aaaaa  aaaaa  aaaa*  aaaaa  iaaaa  bbbb*  aaaaa  aaaaaaaaai  Maaaaaiia  iaaaa  aiiai 

HIIIUlBBaauaaaaa  aaaaaaBaiaaaaBaaaaaa  aaaaaaaaai  aaaaaaBaaaaaaaaaaafaaaaiaaaaaaBaaBaaBaaaaaaaaaBaaaiaaaaaiaBaBaaBaaBaaa  aaaaa  aaaaa 
laafiaaaaaaiaaaaiaaiaaaaiaaaaiaaaaaaaaaBaiaaaaaaaaaaataaaiaaaauaaaaiKaBBaMaaBaaBaaaBaaaaaaaaaaaaaaaaaaaiaaaaaaBaaaiasaaaaaaiaaaai 
laaBaaaaaaaaaaaiaaai  aaaia  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaaaaaai  aBaBaBaaaaaaiaMaaaMM^MMM 

■HMMHHaMHMMHMiiiiaiaiiaiflmiaaiaiaii,iiaai|iHM|||HHM|M«MMMMMM^ 


••a aaaaa aaaaa aaaft*  aaaaa aaaaa iaaaa aaaaa aaaa aaaaaa aaaaa 
■••■•■■•■■•aaa  bibb*  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  ftaaaa  lattH 

SHaapaaaaa  aaaaaiaaaa  aaaaBaaaaa  aaaaa  aaaaa  ■aaaaaaapaaaaaaaaaaa 

■•jajMBBS«ffl8®s®;as_02*;«BaBaBMoSBoaa8S_MSSffiSBB®a_8aBoo_8aar--- 


aaaaa  aaaaa  aaaaa 
aaaBaBBaaaaaaaaaaaa aaaaaaaaaa 
•MMBBBiaiMIBBIIMiaBIBBIM 


. . aaa  aaaaiMiai  aaaaa  aaaa  laaBBaaBaaiaaiMal 

|iaiaaiaaaiTiaaiiBiaiiiaaiTaaiiiiaii iaaaa iaaaa aaaai laaiaia all BBfiaaiaBiBiBaiiiaaai iai aa aaaaa aa aaa aaaai i aaai aaaai alVIVIVVVIVVVVVVVVVVVVVVVillW 
I  ■BaaaiaaBiiflBiaiiMiiaaaiMiMiiaiiiaaai  iiiiaiaaBiiiiia  ■■■BBiMiaiaBiiiMiiBBaiiiiiBiBaMB  iMia  iiiii  BfiaaiHai  aaaai  ■■■iiiaaaiMaaiaaaaiiMM 

liminfiiBtHaiiiBiaiaBiiaBBiiaiimiiiimiiiBBifii . . . . 

lBlBBBii«BBBlBBBBaB»BBBBBBBBBBBBB»BBBBBBBBBBBBBBBBiBBBBBBBBBtBBiBBIBBllBBBBBBBilBBBBBBB>BIBB>BBBB>BBlBB»BBlBBmB«MBBBBB»BBBBBIiBBB»»iBBBBBB 


. . . . 


l•llllBl•inll■Blll«lllBlllll■lBllllmlllll•l■ll■ll■lllllBlll••l•ilBll■la■■llll■l■l|lBl 


iiiiiiiiiniiiiiiiiiiiiiiimi  iiiii  iiiii  ■iiiiiiiiiiaiiniiaiminimiiuiifiii  iiiii  iiiii  iiiiniiiiiiiiiiiiiiiiiinimiiiHiiiiniiniiiia 
iiiRiimniiiiiiiiniiiiiiiiniiiiiiiiiiiiiiiiiiiimnninmnimiiiinimninniiniiii  iiinuiiiiiiniiiniiiaiiiiniiiaiiiiiiim 
aiiiBiiiiniiiiiiiiniiiiimniiiiiiiiaiiiinmiimnninmniiiniiinninmniiiniiiiiiiiniiiiiiiiniiiniiiniimiiiiiiiiiliiii 
iinniiiniinniininnnininnnnininmnninninnininniiininiiiiiniiniiiii  miimnimiiiinninmninnmliiti 
iiiiiiiiiiiHiniiininnninnniiiiiiiiiniiiniiiiiiiiniiiniiiniiiniiiimiiiiiiiiiiii  ininniiinniiiniiiiiiiiniiininhiii 
miiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiimiiiiiiiiiiiiiiiiiiiiiiiii  iiiiiiiiiiiiiiiiiiiiimiiiiiiiiiiiiiiiinii 
iiiiiiiiiimiiiiiiiKiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiKiHiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiHiiimuiiiiiiiiH 
niiiiiiiiiiiiiiiiiiiiiiiiiiiiiimiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiimiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiHiiiiiiiiii 

■ aaaaaaaaaa aaaaaaaaaa aaaaa aaaaa aaaaa aaaaa aaaaaaaaaa aaaaaaaaaa aaaaa aaaaa aaaaa aaaaa aaaaaaaaa* aaaaaaaeaa aaaaaaaaaa appaaaaaaa aaaaa aaaaa aaaaaaaaaal 

■aaaaaaaaaa aaaaaaaaai aaaaa aaaaa aaaaa aaaaa aaaaaaaaaa aaaaa aaaaa aaaaa aaaaa aaaaaaaaaa aaaaaaaaaa aaaaa aiiBi aaaaaaaaaa aaaaataBaa aaaaa aaaaa iaaMaaiaal 
aaaaa  aaaaa  aaaaaMaaaaaaaaaaaaa  aaaaaaaaaa  aaaaa  aiaaa  aaaaaaaaaa  aaaaaaaaaaaaaaaaMBaMBaaaaBaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaaiaaaa  aaaaaaaaaaaaaaaaaaaa 
aaiaa aaBaa aaaaa aaaaa iaaaaMaaB aaaaaiaaia aaaaa aaaaaaaaaa aaaaa a ibbi aaaaB aaaaiaaaaa iiaaaaafeaa aaaaa bbbbi aaaaaBaaaa aaaaa aaaaa aaaaaBaaaaaaaiaaaaaa 

■  ■BaeaHaeMaaaaaaaaiiaaaiiaaaaiaaaaaaaaa  aaaaa  aaaaa  laMBaaaBMaaaaaaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaiaaiBBtal 

■  iBa«|aBaaaMa8aaaaaiiaaeiBiaaaiBaaiaaBBBMaaaaaaaiaBiaBfiaiiMaaBBaBaaainBBiaaaiiiaBaiaaBaBaaaaaaaaaaaaaiBaaaaBaaaaaaaMaaaBaaaBaiaaBBaaaaaal 

■ ■■■•leaiBaaaaaaaiaaaaiaBaaaaaa aaaaa aaaaa aaaaa aaaaa aaiBMaafa aaaaa aaaaa aiaaa ■fBBiiaaaMaaaaiaaaBaaBaaaaaiiBaafaaaaaaaaaaaaiaaiiaaBaaaaaaiaaaal 

■  ll■giBB■llaaBaiM■alBl■•lal■ualBllll•■fllBal■lllalla•l■l■alla■BllBBB•ltlllBllalal■■•fllaB^lB•Ml■B•alll■■lia•l■■■■lMl■B■BlBlllaBlllaa■Mall■ 

■  iBiBiiuiiiimiBiimmiiiHaiiiiiaiiiBaaaiimiBiBiaiaaHiaBBBiBiBiMaiaiaiBaBBiBBBiBiimiBSBBaiiiiaBiiiiiiatBiiiifliiBaaiiiiiBBamiaml 

■  aalii  ■11111111111111  aaBiaaaMiMiuaiaif|aaiMiiiia«ifa  aaMi  maa  aamanaaiBiiaiiiiiiiiaiiiifliaBiaMBaaaiaiBiiMiiiiiiiiiiiiiiitaaiBiaaiaail 

iBBrniumiBii  nna  laBiiiiiiiiiiniiaifiimimiimiiaBaiiBBiiiiBiiiiiHtiiiiiiiiiiiiiiaiiiaiBiiiiiiiiiiiia  mil  iiiii  iimtiiu  11111111111 
Inin  inn  inn  inn  aim  imiiiiiiiiiiiiiiii  inn  iiiiiiiiii  inn  iim  inn  iiiiiiiiia  aim  111111111111111111111111111111111111111111111 
^^Hiiniiiini  mn  ininini  inn  aiiii  iiiiiiiiii  iiiii  iiiii  mil  mu  iiiii  iiiii  iiiii  nm  inn  mu  11111111111111111111111111111111111111111 
!lininiiiiminniiiiiiniiii|lliiiiiiiiiiin|iiiiiHniiiiiiiinimaimiimiiiininiiimiiiiniiiniiiniiiiiiiiiHiNniinmi 
Miiininit»iiiinmmniniiiin»iiiinnninnimimnnnnninimiuniinnmnnnmnninninninninniniiiiiiinl 
inmiimminuiiiinniiinnHmnniininnnvniiinmniinmiiiiniiiiiiiiiiiniti||||||||||||||iaMiiiiHnMHMHmH| 


^■■IliMMMHMMM 

■mi  ■■■laiaiii  iiiii  aaaai  lain  ml 

. . a  I 

iiiiiiiiii  iiiii  nni  iiiii  iiiii  iiiii 

iiiiiitiiiiiiiiiiiiiiiiiiiiiiianiiimimniiiiitiiiiiiiiiiimiiiiiiimiiiiiiiiiiiiiiiiiiiiiiiiil 

nmmiinmmnnmmmmmmnniimMnninininminmmininniniinnHim»l 


CONFIDENTIAL 


CONFIDENTIAL 


i'  IXil'Kl'!  V 


a 

(u)  COlHKLA'iTON  Oi-'  TUNNKL  l1’  FOKWAKD  liAMP  CI'WTKRLINK 
DKATING  DATA,  p«0 


DY'.i 

CONFIDENTIAL 


RADIUS  -  INCHES 


CONFIDENTIAL 


MODEL  STATION  ~  INCHES 


FIGURE  194  (U)  EFFECTIVE  BOOT  RADIUS  FOR  LAMINAR  SWEPT  CYLINDER 

HEATING  ON  THE  FDL-5  MODEL  FORWARD  RAMP 
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FIGURE  196  (U)  CORRELATION  OF  TUNNEL  C  AFT  LOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =  0.75 
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(d)  Qf  =  15 
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FIGURE  196  (U)  CORRELATION  OF  TUNNEL  C  AFT  LOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =0.75  (CONTINUED) 
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i-IGURE  196  (U)  CORRELATION  OF  TUNNEL  C  AFT  LOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =  0-75  (CONTINUED) 
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FIGURE  197  (U)  CORRELATION  OF  TUNNEL  C  AFT  IOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =0.96 
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FIGURE  197  (U)  CORRELATION  OF  TUNNEL  C  AFT  LOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =0.96  (CONTINUED) 
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FIGURE  "\97  (U)  CORRELATION  OF  TUNNEL  C  AFT  LOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =0.96  (CONTINUED) 
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(h)  «  =  35 
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FIGURE  197  (u)  CORRELATION  OF  TUNNEL  C  AFT  LOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =  O.96  (CONCLUDED) 
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FIGURE  198  (U)  CORRELATION  OF  TUNNEL  F  AFT  LOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =0.96 
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FIGURE  198  (U)  CORRELATION  OF  TUNNEL  F  AFT  LOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =  0.96  (CONTINUED) 
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FIGURE  198  (U)  CORRELATION  OF  TUNNEL  F  AFT  LOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =0.96  (CONTINUED) 
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FIGURE  198  (U)  CORRELATION  OF  TUNNEL  F  AFT  LOWER  SURFACE  HEATING 

DISTRIBUTIONS  AT  X/L  =  0.96  (CONCLUDED) 
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ly.;  (u)  CORRELATION  OF  TUNNEL  C  AFT  LOWER  COMPRESSION  SURFACE 
HEATING  DATA 
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FIGURE  200  (U)  CORRELATION  OF  TUNNEL  F  AFT  LOWER  COMPRESSION  SURFACE 

HEATING  DATA 
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FIGURE  203  (U)  TUNNEL  C  UPPER  SURFACE  CENTERLINE  HEATING  RATES*  (3=2 
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FIGURE  204  (U)  TUNNEL  C  UPPER  SURFACE  CENTERLINE  HEATING  RATES,  (3=4 
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FIGURE  208  (U)  TUNNEL  F  UPPER  SURFACE  CENTERLINE  HEATING  RATES,  |3=-2 
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FIGURE  209  (U)  TUNNEL  F  UPPER  SURFACE  CENTERLINE  HEATING  RATES,  p=2 
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FIGURE  210  (U)  TUNNEL  F  UPPER  SURFACE  CENTERLINE  HEATING  RATES,  (3=A 
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FIGURE  215  (U)  TUNNEL  C  UPPER  SURFACE  SPANWISE  HEATING  RATES  AT  X/L  =0.30 

J3=4 
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FIGURE  231  (U)  TUNNEL  C  UPPER  SURFACE  SPANWISE  HEATING  RATES  AT  X/L  =  0.50, 
P=2 
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FIGURE  236  (U)  TUNNEL  F  UPPER  SURFACE  SPANWISE  HEATING  RATES  AT  X/L  «  0.50 

P--2 
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FIGURE  240  (U)  TUNNEL  C  UPPER  SURFACE  SPANWISE  HEATING  RATES  AT  X/L  =  0 

p=o 
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FIGURE  241  (U)  TUNNEL  C  UPPER  SURFACE  SPANWISE  HEATING  RATES  AT  X/L  =  0.75, 
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FIGURE  259  (U)  COMPARISON  OF  UPPER  SURFACE  CENTERLINE  HEATING  DISTRIBUTIONS 

FROM  TUNNELS  C  AND  F 

350 

CONFIDENTIAL 


CONFIDENTIAL 


FIGURE  259  (U)  (CONTINUED)  COMPARISON  OF  UPPER  SURFACE  CENTERLINE  HEATING 

DISTRIBUTIONS  FROM  TUNNELS  C  AND  F 
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FIGURE  259  (U)  (CONCLUDED)  COMPARISON  OF  UPPER  SURFACE  CENTERLINE  HEATING 

DISTRIBUTIONS  FROM  TUNNELS  C  AND  F 
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FIGURE  260  (U)  CORRELATION  OF  TUNNEL  C  UPPER  SURFACE  SPANWISE  HEATING 

RATES  AT  X/L  =  0.15,  (3=0 
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FIGURE  260  (U)  CORRELATION  OF  TUNNEL  C  UPPER  SURFACE  SPANWISE  HEATING 

RATES  AT  X/L  =  0.15,  (3=0  (CONCLUDED) 
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FIGURE  261  (u)  CORRELATION  OF  TUNNEL  C  UPPER  SURFACE  SPANWISE  HEATING 

RATES  AT  X/L  =  0.30,  6=0 
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FIGURE  26l  (U)  CORRELATION  OF  TUNNEL  C  UPPER  SURFACE  SPANWISE  HEATING 

RATES  AT  X/L  =  0.30,  (3=0  (CONCLUDED) 
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263  (U)  CORRELATION  OF  TUNNEL  F  UPPER  SURFACE  SPANWISE  HEATING 

RATES  AT  X/L  =  0.30,  (3=0  (CONCLUDED; 
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FIGURE  264  (U)  CORRELATION  OF  TUNNEL  F  UPPER  SURFACE  SPANWISE  HEATING 

RATES  AT  X/L  =  0.50,  (3=0 
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FIGURE  269  (U)  CENTERLINE  PRESSURE  DISTRIBUTION  AT 
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FIGURE  271  (U)  CENTERLINE  PRESSURE  DISTRIBUTION  AT  a  *  10« 
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FIGUFE  2 76  (U)  CORRELATION  OF  LEEWARD  SURFACE  CENTERLINE  PRESSURES 
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FIGURE  280  (U)  CENTERLINE  PRESSURE  DISTRIBUTION  AT  «  =  Ou 


380 

UNCLASSIFIED 


UNCLASSIFIED 


UNCLASSIFIED 


FIGURE  282  (U) CENTERLINE  PRESSURE  DISTRIBUTION  AT<* 


FIGURE  283  (U)  SPANWISE  PRESSURE  DISTRIBUTIONS  AT  STATIONS 
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FIGURE  284  (U)  CENTERLINE  HEATING  DISTRIBUTIONS  ON  80  DEGREE  SWEEP 

DELTA  WING 
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FIGURE  287  (U)  CENTERLINE  HEATING  DISTRIBUTION  AT  a  =  20C 

387 

CONFIDENTIAL 


CONFIDENTIAL 

(THIS  PAGE  IS  UNCLASSIFIED) 


a  ■  10 


i-h 


DATA.  FR0l4  FIG.  31C  'and  31D 
OF  ITASA  TR-R-153 


a  =  15.5 


ECKERT  REFERENCE  ENTHALPY 


UNCLASSIFIED 
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